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Over the last decades, global warming has tremendously affected plant 
phenology on a scale larger than predicted. Heat waves, one of the more 
disastrous phenomena of global warming, has increased in its occurrence and 
severity.  The extraordinary heat spells cause hyperthermia in plant cells, leading 
to cellular homeostasis imbalance and cell death, and eventual catastrophic crop 
failures and agricultural losses.  
 
Sessile plants have evolutionarily developed a comprehensive range of 
physiological and molecular programs to counteract heat spells in order to 
ameliorate the adverse effects of heat stress. Thermotolerance refers to the 
capability of plants to acclimatize to long episodes of severe heat stress. Plants 
depend on their intrinsic abilities to survive when they are suddenly exposed to 
extreme high temperatures. Under this basal thermotolerance mode, plants do not 
survive well when the duration of extreme heat lengthens. On the contrary, plants 
trigger a heat shock (HS) response when they are first exposed to sublethal heat 
stress, where they acquire thermotolerance. This highly conserved, transient heat 
defense mechanism enables the plants to survive better during subsequent 
exposure to long period of extreme heat.  
 
HS response is an evolutionarily conserved reaction induced in cells of organisms 
that are subjected to mild heat stress. At the molecular level, heat shock protein 
(Hsp) chaperones are regulated transcriptionally by heat shock transcription 
factors (Hsfs). Upon receiving HS-induced signals from cellular HS sensors such 
as the plasma membrane, the activated Hsfs specifically regulate and activate 
downstream Hsps to repair heat-induced damaged proteins in order to salvage 
cellular homeostasis. In a negative feedback loop, newly produced Hsps inhibit 
the Hsfs and subsequently attenuate the HS response to return cells to 
physiological conditions. Thus, this chaperone-titration model serves to shut off 
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HS response during non-HS conditions in which cells carry out normal protein 
synthesis and metabolism for growth and maintenance.  
 
Plant Hsps are categorized into five distinct classes. Of these different classes, 
Hsp70 chaperone family is the main chaperone machinery conserved in almost 
every organism. And every Hsp70 operates along with its co-chaperone Hsp40 
(also known as J-proteins in Arabidopsis) in the canonical Hsp70 cycle. Together, 
these proteins function as crucial molecular chaperones in protecting plant cells 
from the adverse effects of HS. Recent genome-wide analysis of the J-protein 
family in Arabidopsis has revealed 120 distinct J-proteins but for many of them, 
their functional roles and biological significances are still not known.  
 
In this study, we clarified the biological roles of two closely related J-proteins, J2 
and J3, in the regulation of thermotolerance, in which j2 and j3 mutants exhibited 
enhanced basal thermotolerance and displayed higher sensitivity to acquired 
thermotolerance. Additionally, we elucidated the downstream components of J2 
and J3 that coordinated to confer thermotolerance. Our results showed that J2 
might function redundantly with the more critical J3 in regulating 
thermotolerance. Both j2 and j3 mutants displayed stronger basal thermotolerance 
than wild-type due to the upregulation of HS-responsive genes under non-HS 
conditions, which simulated wild-type plants subjected to sublethal HS. Higher 
upregulation of HS-responsive genes were observed in j3 mtuants with better 
basal thermotolerance than j2 mutants. On the other hand, J2 and J3 are required 
for acquired thermotolerance, probably via repressing Hsp70s/Hsp90s that 
negatively regulated HsfA1s, the master regulators of Hsfs. The slightly lower 
survivability of j2 and j3 mutants than wild-type plants in acquired 
thermotolerance might be due to the derepression of Hsp70s/Hsp90s that 
subsequently acted to negatively regulate HsfA1s, leading to lower expression 
levels of HS-inducible genes in the mutants as compared to wild-type during 
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1.1 Abiotic stress factors and their implications  
1.1.1 Impact of global climate change 
The standard of living of mankind has risen tremendously ever since the 
industrial revolution in the eighteenth century. The revolution brought about 
significant changes to the human lives. While many people are living more 
comfortably than before, climate change has already begun to transform life on 
Earth, largely triggered by human activities, particularly via excessive emission of 
greenhouse gases into the atmosphere.  
 
Over the past decades, rapid changes in global climate have posed significant 
impact on all living organisms. Globally, seasons are shifting, temperatures are 
escalating and sea levels are rising. Consequently, environmental stress factors 
such as salinity, drought, elevated temperatures and rising carbon dioxide levels 
are seriously affecting agriculture and crop production (Ahuja et al., 2010). It was 
predicted that these primary abiotic stress factors – salinity, drought and extreme 
temperatures result in an average yield loss of more than 50 % for most major 
crop plants (Boyer, 1982; Bray et al., 2000). Furthermore, there has been an 
expanding global demand and consumption of crop plants for food, feed and fuel 
for many years and this trend will only increase in years to come (Edgerton, 2009). 
With the rise in global population, it was projected that world food production 
needs to be doubled by the year 2050 to satisfy the growing hunger (Tilman et al., 
2002). Thus, the ability to produce sufficient food for the world population has 




1.1.2 Plants adapt to environmental change 
Every living organism is equipped with an inheritable programme of 
adaptability to counteract the effects of climate change. The adaptive strategies 
that plants adopt during evolution are more often coordinated and fine-tuned via 
modulating their growth, development, cellular and molecular programs. Such 
reprogramming adaptations to perturbations are often closely associated with 
significant changes in plant transcriptome, proteome and metabolome (Ahuja et 
al., 2010). Despite a great leap forward towards the understanding in responses of 
plants abiotic stress in the last decade, there are still substantial knowledge gaps 
that have yet to be fully addressed. To completely comprehend the stress response 
mechanisms under today’s changing environmental conditions pose an even 
greater challenge to the scientists (Ahuja et al., 2010; Qin et al., 2011).  
 
Herein, a brief overview of three of the most common abiotic factors that have 
catastrophic effect on agricultural plants, namely salinity, drought and 
temperature is presented. Subsequently, the influences of elevated temperatures 
on plants are discussed and the recent progress in elucidating the mechanisms of 
thermotolerance and the components of heat stress response is expounded.  
 
1.1.3 Abiotic stress factors on plants 
Throughout the life cycle of a plant, appropriate requirements in amounts 
of light, water, temperature, carbon and mineral nutrients are necessary to ensure 
daily fitness and well-being. When environmental conditions are altered, induced-
stress could limit plant growth and give rise to yields below optimum levels. 
While biotic stresses such as fungi or harmful pests can usually be controlled, 
abiotic stresses are usually unavoidable and affect crop growth and productivity 
worldwide (Gao et al., 2007). As sessile organisms, plants are constantly exposed 
to environmental fluctuations. When the changes are too rapid and extreme, plants 
will perceive them as stress. These abiotic stress factors often cause drastic 
changes in plant growth, development, physiology and metabolism. Over the last 
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decade, extensive research has been performed to elucidate the mechanisms by 
which plants response to stress. The three most significant abiotic stress factors 
are highlighted in the following sections. 
 
1.1.3.1 Salinity 
Plant developmental, physiological and metabolic processes are affected 
in a high salinity environment, in which physiological drought and ion toxicity set 
in. In high salt conditions, excessive sodium ions infiltrate the plant cells, leading 
to ionic and osmotic stress. Furthermore, this high salinity stress could alter lipid 
and protein composition in the plant plasma membrane, and subsequently result in 
ion inequality and extreme osmotic stress (Lopez-Perez et al., 2009; Ahuja et al., 
2010). For instance, high salinity changes the lipid composition of the plasma 
membranes in broccoli cells. This leads to alteration of membrane stability and 
activities of membrane proteins such as aquaporins and H+-ATPase, to regulate 
water permeability for adaption to high salt stress (Lopez-Perez et al., 2009). In 
acclimatizing to high salinity, components of the salt overly sensitive (SOS) 
pathway are also involved; they regulate sodium/potassium ion homeostasis to 
sustain low intracellular sodium content (Fujii & Zhu, 2009). In brief, osmotic 




Drought or long period of water scarcity is a serious environmental 
condition, in which proper growth, development and survivability of plants are 
compromised. Some of the induced physiological responses that have been 
extensively studied over the past few decades include stomatal closure, declined 
photosynthetic rate, modified cell wall elasticity and production of lethal 
metabolites (Ahuja et al., 2010). Many molecular programs are involved to alter 
the biochemical and proteomic machineries during periods of drought, with the 




ABA is one of the main drought signaling factors that mediates a myriad of genes 
to regulate stomatal aperture in response to changes in water sources and 
adaptation to drought resistance (Li et al., 2008; Ramirez et al., 2009; Ahuja et al., 
2010). For instance, the induction of Nuclear factor Y A5 (NFYA5) is regulated 
transcriptionally and posttranscriptionally by ABA in regulation of the stomatal 
aperture to promote drought resistance (Li et al., 2008). Another gene, the 
Overexpressor of cationic peroxidase 3 (OCP3) is a negative regulator of ABA-
mediated pathway in response to drought; it controls ABA-mediated stomatal 
closure to confer drought tolerance (Ramirez et al., 2009). In line with that, ocp3 
plants display enhanced drought resistance. 
 
1.1.3.3 Effect of different temperature ranges on plants 
Temperature is a crucial physical parameter that affects all life processes.  
In certain plant species, a short period of cold exposure (non-freezing) triggers 
cold acclimation that confers freezing tolerance against sub-zero temperatures in 
the winter times. Additionally, this temporary chilling temperature is needed in 
some plants for bud dormancy breakage. On the other hand, long term exposure to 
cold temperature in perennial plants serves as vernalization, which is important 
for flowering after the winter season. Temperatures in the range of 10 to 30 
o
C 
indicate the time for flowering, seed germination and bud breaking to occur, 
whereas a temperature between 30 and 38 
o
C triggers response to mild heat shock 
(HS) in plant systems (Penfield, 2008). The acquisition of acquired 
thermotolerance attributed to the onset of HS responses enhances the survival 
rates of the plants when exposed to higher lethal temperature ranges of 42 to 45
o.
C. 
The four types of temperature stress common to plants include continuous 
elevated temperature, heat shock, chilling temperature and freezing temperature 




1.1.3.4 Chilling and freezing stress 
By definition, chilling stress is induced when plants are exposed to a 
temperature range from 0 to 10 
o
C whereas freezing stress occurs at temperatures 
below 0 
o
C (Solanke & Sharma, 2008; Huang et al., 2012). The latter induces 
intracellular ice formation, causes extreme cellular dehydration and physical 
damages to membranes, cells and tissues. Chilling stress, on the other hand, 
reduces membrane fluidity as a result of fatty acid unsaturation in membrane 
lipids and, altered compositions and ratios of lipids to proteins in the plasma 
membrane. During cold stress, the degree of fatty acid unsaturation and content of 
phospholipids in membranes are elevated, resulting in membrane rigidification 
(Wang et al., 2006). Perception of change in membrane fluidity serves as a trigger 
to the widely studied ICE-CBF-COR signaling pathway (Solanke & Sharma, 
2008; Huang et al., 2012).  
 
Physical modifications in plant cellular structures at low temperatures activate the 
calcium channel which causes transient influx of calcium into the cytosol 
(Monroy & Dhindsa, 1995). The perturbations in intracellular calcium ions levels, 
which act as secondary messengers in low temperature signal transduction, are 
perceived by calcium sensors. These sensor proteins, which include different 
protein kinases, alter their conformational structures in a calcium-dependent 
manner, and interact with respective interacting proteins, which subsequently 
trigger a series of phosphorylation events that target the cold stress-induced genes 
in plants (Solanke & Sharma, 2008; Huang et al., 2012). 
 
Inducer of CBF expression 1 (ICE1) has been unveiled as the most upstream 
component in the cold signaling cascade. ICE1 mutant plants have reduced 
expression of C-repeat binding factor (CBF3) and its downstream targets Cold-
regulated (COR) genes, which contribute to impairment in cold acclimation 
(Chinnusamy et al., 2003). The CBF transcription factors function as key players 
in the cold response network. These CBFs, which bind to consensus CRT/DRE 
(C-repeat/Dehydration Responsive Element) cis-elements, are transiently induced 
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within minutes upon exposure to cold (Vogel et al., 2005). Overexpression of 
each CBF gene constitutively activates CBF downstream genes and enhances 
freezing tolerance (Solanke & Sharma, 2008; Huang et al., 2012). Further 
downstream in the pathway, COR genes are induced not only by cold, but also by 
dehydration which might be attributed to water scarcity, high salinity or freezing. 
These COR genes are characterized by the CRT/DRE elements in their promoters 
(Huang et al., 2012). 
 
1.2 Heat stress and thermotolerance 
1.2.1 Elevated temperatures causes heat stress 
Over the past decades, the distribution of animal and plant species has 
been significantly altered due to rapid climate changes particularly the rise in 
temperature (Root et al., 2003). Moreover, global warming has greatly affected 
plant phenology to a larger extent than can be understood (Wolkovich et al., 
2012). Unlike animals, sessile plants are constantly challenged by alteration in 
temperatures, drought and other abiotic stresses, leading to catastrophic crop 
productivity and extensive agricultural losses (Mittler et al., 2012). 
 
Global warming has been predicted to escalate the frequency and severity of “heat 
waves” in temperate regions (Semenov & Halford, 2009). Indeed, the summer 
period of 2010 in Europe and Russia was particularly warm and caused serious 
implications that exceeded the magnitude of the infamous European heat wave in 
2003 (Barriopedro et al., 2011). To make matters worse, reports have predicted 
that future summer average temperatures will exceed the current highest summer 
temperature on record (Battisti & Naylor, 2009). As such, future agricultural 
productions will inevitably encounter heat waves at higher frequencies, with 





Heat waves, during which temperatures rise above the normal temperature range, 
are sensed as heat stress by most living organisms. Depending on the rate, 
intensity and duration of elevated temperature change, a wide array of cellular 
components and metabolism could be severely impacted (Sung et al., 2003). 
Additionally, extreme temperatures significantly disturb cellular homeostasis, 
leading to cellular death. At the organism level, high temperatures affect plant 
reproductive processes including pollen viability, female gametogenesis, pollen-
pistil interaction, fertilization and grain formation, which greatly reduce crop 
productivity (Ainsworth & Ort, 2010). To prevent and reduce the detrimental 
complications attributed to heat stress, sessile plants have evolved a 
comprehensive range of physiological and molecular programs to perceive drastic 
changes in temperatures and adapt accordingly, to ameliorate the adverse effects 
of heat stress (Ahuja et al., 2010).  
 
1.2.2 Basal and acquired thermotolerance 
Thermotolerance is a key element in the acclimatization response of 
organisms and is often categorized into basal and acquired thermotolerance 
(Larkindale et al., 2005). Basal thermotolerance refers to the innate ability of 
plants to survive in temperatures above the optimal for growth in the absence of 
acclimatization. For example, exposing plants growing at 23 
o
C to a sudden 42 to 
45 
o
C treatment for a period of 0.5 to 1 h (Mittler et al., 2012). Plants that are able 
to survive the heat shock (HS) episode are generally characterized with higher 
basal thermotolerance compared to those susceptible to HS. On the contrary, 
acquired thermotolerance is induced by transient exposure under moderately high 
temperatures (heat acclimatization) so as to enhance survival rate of the plants at 
higher thermal exposure that would otherwise be perceived as fatal. For example, 
plants growing at 23 
o
C are primed at 36 to 38 
o
C for a period of 0.5 to 1 h, 
allowing them to recover at 23 
o
C for 2 h, and then exposed to a longer period of 
intense HS (42 to 45 
o
C) (Mittler et al., 2012). The ability of plants to withstand 
such long episode of severe HS is attributed to the massive accumulation of HS 
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response transcripts such as heat shock transcription factors (Hsfs) and heat shock 




1.2.3 Molecular regulation of heat shock response 
HS response is an evolutionary conserved reaction induced in cells of 
organisms that are exposed to mild heat stress to protect cells and organisms from 
lethal heat damage, and allow continuation of normal cellular and physiological 
activities under thermotolerance (Schoffl et al., 1998). At the molecular level, 
expressions of Hsp genes are mainly regulated transcriptionally by Hsfs which 
specifically binds to HS elements in the promoter regions of the Hsp genes. Upon 
receiving HS-induced signals, the heat-induced Hsfs specifically regulate and 
activate downstream Hsps to repair damaged proteins. 
 
Hsps act as negative regulators of Hsfs and render them inactive at physiological 
conditions (Schoffl et al., 1998; Saidi et al., 2011). According to the widely-
accepted chaperone-titration model, the existing pool of Hsp70 is either occupied 
by denatured proteins or depleted during HS response, thereby relieving the 
repression ability on its target monomeric Hsf. Hence, these free monomeric Hsfs 
assemble as a trimer to induce transcription of downstream HS-induced genes 
which include Hsps. In a negative feedback loop, large amount of newly 
synthesized Hsps then shut off Hsf activity (Schoffl et al., 1998). The negative 
role of Hsp during non-HS in mammalian cells and the mechanism of HS-induced 
derepression of Hsfs in plants are still vague. Nevertheless, studies have shown 
that plant Hsp90 functions as a negative regulator of Hsfs (Yamada et al., 2007).  
 
1.2.3.1 Plasma membranes as major heat sensors 
Elevated temperatures are initially sensed at the plasma membrane as HS 
accelerates the kinetic energy of macromolecules within the phospholipid bilayer, 
making the membrane more fluid (Savchenko et al., 2002). The abrupt increase in 
membrane fluidity augments the permeability of membranes, resulting in 
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increased loss of electrolytes and decreased membrane thermostability (Wahid et 
al., 2007).  
 
Although still unclear, the increase in fluidity of plasma membrane probably 
directly activates calcium ion channels on the membrane, which results in channel 
opening and trigger an influx of calcium ions into the cytosol to activate HS 
response (Figure 1A) (Saidi et al., 2011; Mittler et al., 2012). In line with the role 
of calcium ions as heat sensors, it has been demonstrated that calcium influx 
across plasma membrane has been induced by heat and that reduced intracellular 
calcium ion level is associated with reduced HS response (Saidi et al., 2009; Saidi 
et al., 2010). Furthermore, the use of calcium channel blockers reduced the 
intensity of heat-induced calcium influx and subsequent Hsp synthesis (Liu et al., 
2005; Saidi et al., 2009).  
 
It has been observed that most putative calcium channels in Arabidopsis exhibit a 
calmodulin-binding domain in their C-termini, suggesting calmodulin might have 
a role in heat stress signaling (Figure 1B). Indeed, it was shown that Calmodulin 3 
(CaM3) is essential for heat signaling and Hsp expression (Liu et al., 2008; Zhang 
et al., 2009). CaM3 has been demonstrated to interact with calcium/calmodulin-
binding protein kinase 3 (CBK3), which phosphorylates heat shock transcription 
factor A1a (HsfA1a), a master regulator of Hsf family (Liu et al., 2008). In line 
with this, Hsp transcripts are reduced in cam3 mutants but upregulated in CaM3 
overexpression plants. Thus, cam3 mutants are heat-sensitive whereas CaM3 
overexpression plants display enhanced heat resistance (Zhang et al., 2009). 
Therefore, it is tempting to propose that the transiently heat-induced calcium ions 
act as secondary messengers to activate CaM3, and in doing so, facilitate 
interaction with CBK3, and result in HsfA1a activation.  
 
Alteration in membrane fluidity may also induce lipid signaling through heat 




Figure 1: Molecular regulation of heat stress signaling pathway in 
Arabidopsis. 
(A) Elevated temperature increases membrane fluidity and decreases membrane 
stability, resulting in transient activation of calcium channels. (B) Opening of the 
calcium channels trigger an influx of calcium ions into cytosol, which bind and 
activate CaM3. Phosphorylated CaM3 further promotes phosphorylation (P) of 
Hsf via interaction with CBK3. (C) On the other hand, heat-induced alteration in 
membrane fluidity might trigger lipid signaling via PLD and PIPK, which in turn 
result in calcium ion influx. (D) Heat-triggered alteration of cytoskeleton, together 
with the calcium influx, induced HAMK and subsequently promotes the 
expression of Hsfs. (E) ROS signaling, which is triggered by RBOHD, a ROS-
producing NADPH oxidase or metabolic waste product, also activates 
downstream Hsp production. The increased intracellular calcium ions activate 
RBOHD directly or indirectly via CDPK. RBOHD-generated ROS superoxide 
(O2
-
) converts to H2O2 that can either cause transient opening of additional 
calcium channels to amplify the HS response or enter into the cell to induce ROS 
signaling, which activate Hsfs. (F) Histone variant, H2A.Z is displaced from the 
promoter region of heat-induced genes such as Hsp70 during warming up. (G) 
Protein denaturation triggers the release of active Hsfs which are suppressed by 
Hsps during non-HS conditions. From all the heat-induced events, the active Hsfs 
translocate into nucleus and activate a series cascade of Hsf themselves and Hsps. 
(H) While the newly synthesized Hsfs are involved in positive feedback 
mechanism, newly synthesized Hsps aid in replenishing the pool of free Hsps that 
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are occupied with folding of the heat-induced unfolded proteins. Black arrows 
indicate pathways supported by evidence in literature and dotted arrows display 
hypothetical ideas suggested in Mishkind et al., 2009 and Mittler et al., 2012. 
 
Abbreviation: CaM3, Calmodulin 3; Hsf, Heat shock transcription factor; CBK3, 
Calmodulin-binding protein kinase 3, PLD, phospholipase D; PIPK, 
phosphatidylinositol-4,5-biphosphate; HAMK, heat-activated MAP kinase; Hsp, 
heat shock protein; ROS, reactive oxygen species; RBOHD, Respiratory burst 
oxidase homolog D; NADPH, nicotinamide adenine dinucleotide phosphate; 




phosphatidylinositol-4-phosphate 5-kinase (PIPK), which activate downstream 
phosphatidic acid (PA) and phosphatidylinositol-4,5-biphosphate (PIP2), 
respectively (Figure 1C) (Mishkind et al., 2009). Consequently, this lipid 
signaling may trigger downstream components that eventually transiently open 
membrane calcium channels (Mishkind et al., 2009; Mittler et al., 2012). 
Additionally, these events may ultimately induce reorganisation of the actin 
cytoskeleton (Figure 1D) (Mishkind et al., 2009).  
 
1.2.3.2 Other heat sensors in heat stress signaling pathway 
The dynamics of the cytoskeleton such as microtubules and actin, which 
function in cell architecture and intracellular signal transduction, are affected by 
the stress signaling pathways (Nick, 2007). It has been demonstrated that upon 
membrane fluidization, reorganization of cytoskeleton and calcium influx, heat-
activated MAP kinase (HAMK) is induced to promote the expression of Hsps 
(Figure 1D) (Sangwan et al., 2002; Suri & Dhindsa, 2008). Conversely, 
microfilament stabilizers have been demonstrated to repress HAMK activation 
and Hsp70 production even in the presence of higher temperatures, suggesting the 
involvement of cytoskeleton in the heat-signaling Hsp pathway (Sangwan et al., 
2002). 
 
Hydrogen peroxide (H2O2) also acts as heat sensors and triggers the production of 
Hsps (Figure 1E) (Mittler et al., 2004; Volkov et al., 2006; Miller et al., 2009). 
H2O2 can either be derived from metabolic waste-products or heat-induced 
reactive oxygen species- (ROS) producing enzymes, which include Respiratory 
burst oxidase homolog D (RBOHD) that is localized on plasma membrane (Miller 
et al., 2009). RBOHD, regarded as the engine of ROS signaling, is activated by 
intracellular calcium binding and protein kinases such as CDPK to promote ROS 
signaling, which consequently activates downstream Hsfs (Suzuki et al., 2011). 
Moreover, the production of H2O2 also causes additional calcium channels to open 
at the plasma membrane in a positive feedback loop during HS response (Miller et 
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al., 2009). Treatment of plants with exogenous application of H2O2 induces HsfA2 
and sHsp at non-HS temperature whereas peroxide scavengers reduce Hsp 
expression even at high temperatures (Volkov et al., 2006). Furthermore, DNA-
binding activity of Hsfs has been demonstrated in non-heat temperature in the 
presence of H2O2 whereas such binding activity is inhibited at higher temperature 
with addition of peroxide scavengers, confirming the presence of a H2O2-
mediated Hsp signaling pathway (Volkov et al., 2006). 
 
The role of histones and nucleosome occupancy in association with heat has been 
unveiled recently. Actin-related protein 6 (ARP6) encodes a subunit of SWR1 
complex and is required for inserting alternative histone H2A.Z into nucleosomes 
in place of H2A (Deal et al., 2005). Warming results in a decreased content of this 
H2A histone variant in nucleosomes on the promoters of heat-induced genes 
(Figure 1F). In mutant arp6 that fails to incorporate H2A.Z into nucleosomes, 
there is a constitutive upregulation of Hsp70 and other heat-induced transcripts, 
suggesting that H2A.Z is a direct temperature sensor and mediates changes of 
heat-induced genes (Kumar & Wigge, 2010). 
 
Protein denaturation could be another trigger of Hsf and Hsp production, 
consistent with the negative regulatory role of Hsps which have been described in 
section 1.2.3 (Figure 1G). Thus, these upstream signaling transduction events –   
transient opening of calcium ion channels on plasma membrane, phosphorylation 
of calmodulin on Hsfs, lipid signaling-induced calcium channels and re-
organization of cytoskeleton, reorganized cytoskeleton-induced Hsf via HAMK, 
ROS signaling network, histone displacement on nucleosomes and the classical 
relieving model of Hsfs integrate to promote the synthesis of new Hsfs and Hsps 
(Figure 1H). While the synthesized Hsfs can act in a positive feedback loop to 
amplify the HS response, synthesized Hsps replenish the pool of free Hsps that 





1.3 Heat shock transcription factors  
1.3.1 General features of a heat shock transcription factor 
 Heat shock transcription factors (Hsfs) function as heat stress integrators 
in heat shock (HS) signal transduction and regulate downstream expression of 
heat shock proteins (Hsps) and other HS-inducing transcripts (Nover et al., 2001; 
Baniwal et al., 2004).  
 
Hsfs, like other transcription factors, are comprised of functional domains. The 
DNA-binding domain (DBD) is proximally situated at the N-terminus of all Hsfs 
and is responsible for binding directly onto heat stress elements (HSEs) which are 
repetitive patterns of palindromic binding motifs (5’-AGAAnnTTCT-3’) found in 
the promoter regions of HS-inducible genes (Santoro et al., 1998; Guo et al., 2008; 
Akerfelt et al., 2010). The promoters of Hsf target genes are usually composed of 
more than one HSE to facilitate simultaneous binding of multiple Hsfs which act 
in a cooperative strategy (Akerfelt et al., 2010; Scharf et al., 2012). Crystal 
structures and nuclear magnetic resonance (NMR) solution structures reveal that 
the DBD is a 3D structure composed of a three-helical bundle and a four-stranded 
antiparallel β-sheet. The hydrophobic core of this domain is essential for the 
precise structural positioning of the central helix-turn-helix with the palindromic 
HSE in a highly specific binding manner (Harrison et al., 1994; Vuister et al., 
1994; Littlefield & Nelson, 1999; Cicero et al., 2001). 
 
The hallmark of all eukaryotic Hsfs is the oligomerization domain (OD), which 
resides at the C-terminus of the DBD. This signature domain is responsible for 
multiple associations of free HSFs. Based on the peculiarities of the ODs in plant 
Hsfs, 3 classes of Hsf have been determined, namely class A, class B and class C. 
In Arabidopsis, there are 15 class A Hsfs, 5 class B Hsfs and 1 class C Hsf 
(Figure 2A) (Harrison et al., 1994; Nover et al., 2001; Scharf et al., 2012). These 








Figure 2: Structural classification of annotated Arabidopsis heat shock 
transcription factors and J-proteins. 
 (A) Three types of Arabidopsis heat shock transcription factors (Hsfs) 
representing class A, class B and class C Hsfs with their functional domains, 
which include DNA binding (DBD), oligomerization domain (OD), nuclear 
localization signal (NLS), nuclear export signal (NES) and activator motif (AHA). 
(B) Four types of Arabidopsis J-proteins representing type I, type II, type III and 
type IV J-proteins with functional domains, which include J-domain (J), G/F 





The nuclear localization signal (NLS) in Hsfs of class A and class C are 
composed of either monopartite or bipartite clusters of basic amino acid residues 
adjacent to the OD region whereas the basic cluster in class B is linked with the 
conserved repressor tetrapeptide motif  -LFGV-, which is a putative NLS (Nover 
et al., 2001; Scharf et al., 2012) . The function of class A Hsfs as transcription 
activators is attributed to the short activator peptide (AHA) motifs in the C-
terminal domains which are mainly characterized by aromatic (W, F, Y), large 
hydrophobic (L, I, V) and acidic (E, D) amino acid residues (Doring et al., 2000; 
Kotak et al., 2004). 
 
The intracellular distribution of Hsfs alters dynamically between nucleus and 
cytoplasm as a result of the balance between nuclear import and export (Heerklotz 
et al., 2001). This is facilitated by the hydrophobic, mostly leucine-rich nuclear 
export signal (NES) at the C-terminus of many Hsfs. 
 
1.3.2 Multiplicity of plant Hsfs 
 Unlike Hsfs in other eukaryotes, plants possess a unique complexity of 
Hsf family with more than 20 members involved in the modulation of HS 
response. There are 25 Hsfs in rice (Oryza sativa), 30 Hsfs in maize (Zea mays), 
52 Hsfs in Soybean (Glycine max) and 21 Hsfs in Arabidopsis thaliana (Table 1) 
(Scharf et al., 2012). The multiplicity of Hsfs in plants is thought to be attributed 
to gene duplication and whole-genome duplication events that occurred during 
evolution. Despite the substantial variation in size and sequence of Hsfs, their 
basic modular structure and the mode of promoter recognition remain conserved 
across the eukaryotic kingdom (Baniwal et al., 2004).  
 
1.3.3 Functional diversification and interaction of plant Hsfs in tomato 
 The multiplicity of plant Hsfs leads to the question of biological 
redundancy versus functional diversification of the individual Hsfs. To date, 
knowledge of the molecular mechanisms of plant Hsf is largely based on research  
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Table 1: Overview of 21 Arabidopsis heat shock transcription factors with 




Name Function Mutant 
phenotype 
Reference 
Class A     
At4g17750 HsfA1a Master regulators of 
thermotolerance 
where HsfA1a and 
A1d are strongest 
effectors.  
HsfA2, HsfA7a/b, 
HsfB1, HsfB2a/b and 
DREB2A are the 
major downstream 
targets. 




and adult plants; 
additional 
developmental 
defects in QKO 
plants 





At2g26150 HsfA2 Strongly induced 
upon HS, essential 
for sustaining 
transcript level of 
Hsp genes during 
acquired 
thermotolerance after 
long recovery but is 
not required for 
initial regulation of 
HS responsive genes.  
APX2 is a major 
downstream target. 
hsfA2-1 plants 
were less tolerant 
than wild-type to 
heat stress after 




Charng et al., 
2007) 
At5g03720 HsfA3 Induced late and 
regulated specifically 









At4g18880 HsfA4a Interact specifically 
with repressor HsfA5 




Induced by HS, roles 


























At5g43840 HsfA6a No mutant studies are available yet. 
At3g22830 HsfA6b No mutant studies are available yet. 
At3g51910 HsfA7a 
Induced upon HS 
No detailed 
studies 
(Charng et al., 
2007) At3g63350 HsfA7b 
At1g67970 HsfA8 No mutant studies are available yet. 
At5g54070 HsfA9 Not responsive to 




(Kotak et al., 
2007b) 
Class B     
At4g36990 HsfB1 Both HsfB1 and B2b 
transcription 
repressors suppress 




conditions and in 
attenuating period. 
They are essential to 
induce Hsp for 
acquired 
thermotolerance. 











(Ikeda et al., 
2011; Zhu et 
al., 2012) 
At4g11660 HsfB2b 
At5g62020 HsfB2a Regulator of 
herbivore-induced 
PDF1.2 expression 






et al., 2010; 
Zhu et al., 
2012) 









Regulator of stem 
cell niche and cortex 
fate specification in 
root development but 
not a transcription 
repressor 
Reduction in root 
growth and in an 
indeterminate 
manner 
(ten Hove et 
al., 2010; 
Ikeda et al., 
2011) 
Class C     




Abbreviation: Hsf, heat shock transcription factor; HsfA1eTK, triple knockout of 
HsfA1a, A1b, A1d with functional A1e; QKO, quadruple knockout; DREB2A, 
Dehydration-responsive Element Binding Protein 2A; HS, heat shock; Hsp, heat 
shock protein; APX2, Ascorbate Peroxidase 2; Rha1, Root Handedness 1; ABI3, 
Abscisic Acid Insensitive 3; PDF1.2, Plant Defensin 1.2; Scz, Schizoriza.
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findings of Hsfs in tomato and Arabidopsis. Notably, functional studies made on 
tomato have unveiled HsfA1a as a master regulator of HS response; in which it is 
constitutively expressed and regulates HS-induced responsive genes such as 
HsfA2 and HsfB1. Additionally, Hsf1A1a seemed to have a unique function and 
could not be  replaced by other Hsfs when its expression was knocked down 
(Mishra et al., 2002).  
 
HsfA2, the functional equivalent of HsfA1a, represents the most dominant Hsf in 
thermotolerant cells of tomato. Interestingly, HsfA2 does not act alone during HS 
despite its high level of abundance in HS plants but has been demonstrated to 
function as a superactivation complex with HsfA1a. The activity of the complex 
was also shown to be significantly higher than that of the two individual Hsfs 
(Scharf et al., 1998; Chan-Schaminet et al., 2009).  
 
On the other hand, it has been well-accepted that in contrast to class A Hsfs, class 
B and class C Hsfs are not transcription activators due to the absence of the AHA-
type activation domain. And furthermore, class B Hsfs are perceived as putative 
repressors due to the presence of highly conserved tetrapeptide motif -LFGV- and 
potentially act as attenuators of class A Hsfs (Scharf et al., 1998; Czarnecka-
Verner et al., 2000; Nover et al., 2001; Czarnecka-Verner et al., 2004; Kotak et 
al., 2004). Remarkably, the HS-induced tomato HsfB1 acts as a coactivator 
cooperating with class A HsfA1a, and together, function to recruit a histone acetyl 
transferase (Bharti et al., 2004). Moreover, HsfB1 also aids to maintain and 
restore expression of housekeeping genes during HS (Bharti et al., 2004). 
 
1.3.4 Functional diversification and interaction of plant Hsfs in Arabidopsis 
1.3.4.1 HsfA1 as master regulator of thermotolerance 
 Like the tomato, HsfA1 has recently been unveiled as the master regulator 
of the Hsf family in Arabidopsis (Liu et al., 2011). Single knockout mutants of 
HsfA1a, A1b, A1d or A1e, as well as double or triple mutants have no obvious 
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defects in the overall HS response in Arabidopsis (Table 1).  However, in the 
quadruple knockout mutant in which all four members of HsfA1 are knocked out, 
not only are the mutant plants severely impaired in HS response, but also display 
marked developmental defects. Among them, HsfA1a and HsfA1d are the 
strongest effectors in terms of thermotolerance, followed by HsfA1b and lastly 
HsfAle (Liu et al., 2011). Furthermore, HsfA1 regulates several critical 
downstream transcription factors such as HsfA2, HsfA7, HsfB1, HsfB2 and 
DREB2A during the early phase of HS response (Busch et al., 2005; Liu et al., 
2011; Nishizawa-Yokoi et al., 2011; Yoshida et al., 2011). Additionally, HsfA1a, 
HsfA1b and HsfA1d interact with each other in the nucleus after HS but not in 
cytoplasm, supporting the concept of Hsfs functioning as trimeric complexes 
(Yoshida et al., 2011).  
 
1.3.4.2 HsfA2 as enhancer of thermotolerance 
 While HsfA1s are crucial for the early phase of HS response, HsfA2 is 
indispensable for prolonged HS and the recovery phase (Table 1) (Nishizawa et 
al., 2006; Schramm et al., 2006; Charng et al., 2007). This is evident as plants 
lacking HsfA2 are hypersensitive to HS after long but not short recovery. Hence, 
the rate of acquired thermotolerance decays faster in the absence of HsfA2 
(Charng et al., 2007). Among the 21 Hsfs, HsfA2 is the most highly expressed 
member under HS and thus regulates a large subset of HS-induced genes 
(Schramm et al., 2006). Disruption of HsfA2 lowered expression levels of HS-
induced genes during prolonged HS and recovery phase, in line with its role in 
extending the duration of acquired thermotolerance via sustaining the expression 
level of Hsp genes (Charng et al., 2007). Additionally, HsfA2 also serves as a key 
regulator in the induction of defense system under different environmental 
stresses (Nishizawa et al., 2006). Interestingly, like in tomato, HsfA2 can interact 
with HsfA1a and HsfA1b at the protein level and is also mainly regulated by 
Hsf1Ad and HsfA1e during HS and other environmental stresses (Li et al., 2010; 




1.3.4.3 HsfA3 mediates the cross-talk between heat shock and drought stress 
signaling 
 The functional anatomy of tomato HsfA3 was reported to be generally 
similar to HsfA1a and HsfA2 (Bharti et al., 2000). HsfA3 in Arabidopsis is 
known to be involved in drought and HS signaling pathways and its expression is 
dependent on the Dehydration-responsive Element Binding Protein  2A  
(DREB2A) (Table 1) (Schramm et al., 2008; Yoshida et al., 2008). HsfA3 mutant 
lines show reduced rate of germination, reduced hypocotyl elongation and 
reduced survival rate compared to wild-type after HS treatment (Schramm et al., 
2008). Overexpression of DREB2A leads to induction of HsfA3 and other HS-
related genes (Sakuma et al., 2006; Yoshida et al., 2008).  
 
1.3.4.4 HsfA5 as specific repressor of HsfA4 
 HsfA4a and HsfA4b are potential activators of HS response in 
Arabidopsis, similar to HsfA4 in tomato (Table 1) (Baniwal et al., 2007). On the 
other hand, HsfA5 of both tomato and Arabidopsis are inactive to HS response 
and inhibit HsfA4 activity via specific interaction with the oligomeric state of 
HsfA4, thus exerting its repressor effect on HsfA4. Additionally, it is noteworthy 
that the OD of HsfA5 alone is sufficient to cause a repressive effect. Interestingly, 
the heterooligomeric formation between class HsfA4 and HsfA5 is highly specific. 
Neither HsfA4 nor HsfA5 interacts with other Hsfs and vice versa.  Furthermore, 
this exclusive interaction is conserved in both Arabidopsis and tomato. Aside 
from its function in HS response, HsfA4c has also been reported to be involved in 
root gravitropism and slanting determination (Fortunati et al., 2008).  
 
1.3.4.5 HsfB1and HsfB2b as repressors of heat shock response 
 Class B Hsfs are being viewed conceptually as transcription repressors due 
to the presence of conserved repressor tetrapeptide motif -LFGV- (Nover et al., 
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2001; Scharf et al., 2012). However, among the five class B Hsfs in Arabidopsis, 
only HsfB1 and HsfB2b are recognized as strong repressors of HS response under 
non-HS conditions. The repressive activity of HsfB2a was found to be weak and 
neither HsfB3 nor HsfB4 possessed repressive ability (Table 1) (Ikeda et al., 2011; 
Zhu et al., 2012). Furthermore, both HsfB1 and HsfB2b can mediate cell death 
through their repressive activities but not HsfB2a (Zhu et al., 2012). Both HsfB1 
and HsfB2b also redundantly suppress the expression of HsfA2 and HsfA7a under 
non-HS and HS conditions, suggesting that they function to repress HS response 
genes under non-heat conditions and attenuate the strong induction of HsfA2 and 
HsfA7a during HS response. This is supported by the fact that hsfb1-1 hsfb2b-1 
displayed higher thermotolerance (Ikeda et al., 2011). Both HsfB1 and HsfB2b 
are also involved in acquired thermotolerance as plants lacking these two Hsfs 
exhibited lower acquired thermotolerance (Ikeda et al., 2011).  
 
1.3.4.6 HsfA4c, HsfA9 and HsfB4 regulate other developmental pathways 
The biological functions of Hsfs are not limited to HS response. This can 
be clearly seen in the case of HsfA4c which is also named as Root Handedness 1 
(RHA1) (Table 1). Besides being HS-inducible gene, RHA1 functions in root 
symmetry, gravitropism as well as root resistance to certain hormones as its loss-
of-function mutant demonstrated root resistance to 2,4-dichlorophenoxyacetic 
acid, and exhibited reduced gravitropism and reduced shoot and root length 
(Fortunati et al., 2008). Besides HsfA4c, HsfA9 also has biological functions 
apart from its canonical role in HS response (Table 1). HsfA9 is specifically 
regulated by seed-specific Abscisic Acid Insensitive 3 (ABI3) and potentially 
regulate Hsp genes during seed maturation as its expression has been detected 
exclusively in the late phase of seed development (Kotak et al., 2007b). Recently, 
HsfB4, also known as Schizoriza (SCZ) was found to regulate the partitioning of 
cell fate determinants and asymmetrical cell divisions within the stem cell niche 
in the root (Table 1). Loss of SCZ confers an indeterminate style of root growth 
and reduced root length (ten Hove et al., 2010). 
25 
 
1.4 Heat shock proteins  
1.4.1 Heat shock proteins are molecular chaperones 
Heat shock (HS) response is an evolutionarily conserved self-defense 
mechanism involving heat shock proteins (Hsps), that temporarily halt normal 
protein synthesis and metabolism in order to transiently reprogramme cellular 
activities (Schoffl et al., 1998; Wang et al., 2004; Kotak et al., 2007a; Richter et 
al., 2010). These Hsps, regulated by heat shock transcription factors (Hsfs), 
function as central molecular chaperones during HS response and acquired 
thermotolerance. They serve to protect plants from heat-induced damage and 
confer higher subsequent levels of thermotolerance. 
 
1.4.2 Five classes of heat shock proteins 
Based on their approximate molecular weight, plant Hsps are categorized 
into Hsp100, Hsp90, Hsp70, Hsp60 and small Hsps (sHsps) (Schoffl et al., 1998; 
Wang et al., 2004; Sakuma et al., 2006). Many Hsp members also have crucial 
roles in normal growth and development, and this is a major hindrance to the 
unraveling of their biological significance during heat stress. With respect to the 
roles of plant Hsps during HS, only the functions of Hsp100 and sHsps have been 
clearly demonstrated (Kotak et al., 2007a). 
 
1.4.2.1 Hsp100 chaperone family proteins act as resolubilizers during heat 
stress recovery 
Hsp100s have a unique function that other known Hsps do not possess – 
the reactivation of aggregated, non-functional proteins via resolubilization and 
facilitation of damaged protein degradation (Wang et al., 2004; Bosl et al., 2006). 
The disaggregation mechanism is a two-step procedure where Hsp100 solubilizes 
the aggregated proteins that eventually refold into functional proteins with the 
assistance of cognate ATP-dependent Hsp70 chaperone machinery (Hsp70 and 
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Hsp40). For instance, yeast Hsp104 has been known for its ability to convey 
thermotolerance via resurrection of proteins from aggregates (Lee et al., 2004; 
Bosl et al., 2006; Doyle & Wickner, 2009; Hodson et al., 2012).  
 
In plants, the highly HS-induced Hsp101, an orthologue of yeast Hsp104, is 
necessary for both basal and acquired heat tolerance (Queitsch et al., 2000; Hong 
& Vierling, 2001). Plants with either reduced Hsp101 expression or lacking 
Hsp101 have impaired acquisition of thermotolerance whereas plants that 
ectopically express Hsp100 are conferred higher heat tolerance during HS. 
Genetic analyses also demonstrated that Hsp101 interacts with sHsp chaperones 
to resolubilize protein aggregates after HS (Lee et al., 2005).  A recent report 
suggested the existence of a positive feedback loop between Hsp101 and heat-
stress-associated 32-kD (Hsa32) protein that helps to prolong the memory of heat 
acclimation. Hsp101 acts to enhance the translation of the Hsa32 during heat 
recovery, and subsequently Hsa32 functions to retard the decay of Hsp101 (Wu et 
al., 2013). Besides having a critical role in thermotolerance and heat recovery, 
Hsp101 is also responsible for cellular housekeeping functions and substantial 
fitness under normal growth conditions as lacking Hsp101 results in improperly 
developed chloroplasts and other pleiotropic defects in the plant development 
(Lee et al., 2007; Tonsor et al., 2008). 
 
1.4.2.2 Hsp90 chaperone family proteins as molecular chaperones with 
diverse functions 
The Hsp90 family is distinct from other molecular chaperones due to its 
diversified functions. Nevertheless, it is assumed that the primary role of Hsp90 
generally lies in protein folding (Buchner, 1999). On the other hand, Hsp90 has 
been unveiled as a critical player in signal transduction, cell cycle control, protein 
degradation and protein trafficking (Pratt et al., 2001; Richter & Buchner, 2001; 
Young et al., 2001). Hsp90 has also been hinted to function as a ‘buffer’ of 
morphological evolution in both Arabidopsis and Drosophila to ensure genetic 
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uniformity in normal physiological conditions. This was demonstrated in both 
organisms where reducing the levels of Hsp90 through its inhibitor geldanamycin 
resulted in developmental abnormalities and morphological alternation, 
suggesting that many genetic variations are usually suppressed or silenced by the 
‘buffering’ capacity of Hsp90 (Rutherford & Lindquist, 1998; Queitsch et al., 
2002). 
 
In Arabidopsis, there are seven different Hsp90s which constitutes four cytosolic 
isoforms (Hsp90-1 to Hsp90-4) and one isoform each in the chloroplasts (Hsp90-
5), mitochondria (Hsp90-6) and endoplasmic reticulum (Hsp90-7) (Krishna & 
Gloor, 2001). Inhibitors of Hsp90 activity such as geldanamycin and radiciol have 
been demonstrated to induce a HS-like response and improve plant 
thermotolerance with most of the upregulated genes such as HsfA1d, HsfA7a and 
HsfB1 containing HSE motifs (Yamada et al., 2007). Hsp90-2 can bind strongly 
to HsfA1d but weakly to HsfA7a and HsfB1 in the absence of HS. Moreover, 
Hsp90-2, Hsp 90-3 and Hsp90-4 mRNAs accumulate substantially in non-HS 
conditions. Taken together, Hsp90 acts as repressors of Hsfs in the absence of HS 
whereas inhibition of Hsp90 during HS triggers the release of Hsfs and 
subsequently upregulate HS-induced genes to confer plant thermotolerance 
(Yamada et al., 2007). 
 
1.4.2.3 Hsp70 chaperone family proteins as the main chaperone machinery 
Hsp70 chaperones are the most conserved and constitutively expressed 
Hsps. In almost every organism, Hsp70s function as molecular chaperones with 
co-factors (mainly Hsp40) to assist in folding of newly synthesized proteins that 
have accumulated as aggregates during the translocation to their final cellular 
compartments under physiological conditions (Hartl, 1996; Sung et al., 2001a; 
Mayer & Bukau, 2005). However, there are members that are expressed only 
when the organisms are challenged by environmental stress. Such members of the 
Hsp70 family function in prevention of aggregation of unfolded proteins, 
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refolding and proteolytic degradation of aggregated proteins (Hartl, 1996). Hsp70 
and small Hsps (sHsps) function as crucial molecular chaperones in protecting 
plant cells from adverse effects of HS  (Rousch et al., 2004). Some members of 
the Hsp70 family also serve as negative repressors of Hsf mediated transcription 
activation in HS response (see section 1.2.3) (Lee & Schoffl, 1996; Morimoto, 
1998).  
 
Plant Hsp70s are encoded by a multiple-gene family and sequence analyses reveal 
that they are localized in four major subcellular compartments namely cytosol, 
endoplasmic reticulum, plastids and mitochondria. In Arabidopsis, there are at 
least 18 genes encoding for members of the Hsp70 family, 14 of them belonging 
to the DnaK subfamily and four of them are from the Hsp110 subfamily (Lin et 
al., 2001; Sung et al., 2001b). Their locations in different subcellular 
compartments and at different developmental stages may confer specific roles for 
the individual Hsp70s (Wang et al., 2004). For instance, chloroplast stromal 
Hsp70s are crucial for plant development under both physiological and HS 
conditions while overexpression of cytosolic Hsc70-1 confers thermotolerance to 
plants during HS (Sung & Guy, 2003; Su & Li, 2008).  
 
1.4.2.4 Hsp60 chaperone family proteins as chaperonins 
The name chaperonins (Cpns), also known as Hsp60s, was first coined to 
describe a class (comprised of Group I and II) of molecular chaperones found in 
prokaryotes, and in mitochondria and plastids of eukaryotes (Hemmingsen et al., 
1988). Within Group I, Cpn60 and Cpn10 (co-chaperone) act in an ATP-
dependent style to facilitate the folding, assembly and translocation of other 
proteins (Wang et al., 2004). Seven Arabidopsis plastid Cpn proteins have been 
identified which constituted two Cpn60α subunits, four Cpn60β subunits and a 
Cpn60β subunit pseudogene (Hill & Hemmingsen, 2001). Functional 
characterization of plant Cpns is limited but they are generally accepted to aid in 
folding of plastic proteins such as Rubisco (Wang et al., 2004). In Arabidopsis, 
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schlepperless (slp) which encodes a mutated Cpn60α subunit, has defects in 
chloroplast development and consequently lead to defects in embryo and seedling 
development (Apuya et al., 2001). More relevant to HS, LESION INITIATION 1 
(LEN1), which encodes Cpn60β, has molecular chaperone activity during HS 
response. Deletion of LEN1 triggers and accelerates cell death upon HS, 
eventually leading to systemic acquired resistance (Ishikawa et al., 2003). 
 
1.4.2.5 sHsp chaperone family proteins as the storage depot for unfolded 
proteins 
Members of small HSPs (sHsps) are abundantly represented and their 
heterogeneities between divergent species and even between different classes of 
plant sHsps are believed to confer their unique physiological functions  (Vierling 
& Nguyen, 1992; Waters et al., 1996). All sHsps share a conserved 90-amino acid 
C-terminal domain, which is referred to as the α-crystallin domain (ACD) or 
Hsp20 domain (de Jong et al., 1998). The ACD of each sHsp is flanked by highly 
variable N- and C-terminal regions resulting in an array of sHsps with low 
molecular sizes ranging from 12 to 42 kDa. However, the most common range is 
15 to 22kDa, and hence sHsps are also sometimes referred to as Hsp20 (Siddique 
et al., 2008; Waters, 2013). sHsps are also referred to as “paramedics of the cell” 
for taking up the role of first line of cellular defense when protein misfoldings 
occur (Hilton et al., 2013). Studies have revealed that sHsps are not capable to 
refold non-native proteins. However, they have high binding capacity to partially 
unfolded proteins via hydrophobic interactions in an ATP-independent manner. 
They therefore prevent irreversible unfolding during stress-induced misfolding 
and in doing so, stabilize the non-native aggregation. Subsequently, the unfolded 
proteins can be refolded and reactivated by ATP-dependent chaperones such as 
Hsp70/Hsp40 complex or Hsp100 (Ehrnsperger et al., 1997; Lee et al., 1997; Lee 
& Vierling, 2000; Mogk et al., 2003; Nakamoto & Vigh, 2007; Eyles & Gierasch, 




In Arabidopsis, there are 19 sHsps grouped into 11 different subfamilies based on 
their intracellular localization and sequence relatedness (Scharf et al., 2001; 
Waters, 2013). Members of subfamilies CI to CVI are localized in either cytosol 
or nucleus whereas other sHsps are targeted to the organelles such as chloroplasts 
(subfamily CP), the endoplasmic reticulum (subfamily ER), peroxisomes 
(subfamily PX) and the mitochondria (subfamilies MTI and MTII) (Waters, 2013). 
Even though nearly all plant sHsps are inducible by HS and associated with 
thermotolerance, it has been reported that members of the same sHsp subfamily 
do not show the same expression pattern, highlighting the complexity of plant 
sHsps. During long periods of HS, tomato sHsps form heat shock granules (HSGs) 
of approximately 40 nm in diameter. The HSGs comprise of highly-organized 
Hsps (mainly cytosolic sHsps), Hsp70 and HsfA2 (Nover et al., 1989; Scharf et 
al., 1998). These HSGs allow temporary storage of accumulated denatured 
protein-sHsp oligomers when the refolding capacity of Hsp70/Hsp40 complex has 
been saturated and the HSGs disintegrate during recovery period.  The importance 
of sHsps during heat recovery suggests that sHsps remain stable after HS, which 
is in line with their long half-lives of 30 to 50 hours (Chen et al., 1990; Derocher 
et al., 1991). 
 
1.4.3 Chaperones act in concert to orchestrate the protective effects during 
stress 
During HS response, no individual chaperone family acts alone. Instead, 
different classes of Hsps play complementary and overlapping roles in conferring 
protection to plants (Figure 3) (Wang et al., 2004). During HS, sHsps and Hsp70s 
bind to partially unfolded non-native proteins to prevent further aggregation, and 
thus provide a reservoir of client proteins in a competent state for subsequent 
refolding by Hsp60, Hsp70 and Hsp90 chaperone families. On the other hand, 
denatured proteins that form aggregates can be resolubilized by Hsp100, which 
can then either proceed with degradation by protease or refolding via Hsp60, 








Figure 3: Heat shock protein chaperone network in Arabidopsis during heat 
shock response. 
Different heat shock proteins (Hsps) act in concert via overlapping and 
complementary roles during heat shock (HS) response. Small Hsps (sHsps), being 
the “paramedics of the cell” take up the first role to prevent further denaturation 
of heat-induced partially unfolded proteins by binding and stabilizing them. 
Together with Hsp70, heat shock granules (HSGs) can be formed to temporary 
store large amount of their clients when main refolding machineries are saturated 
with unfolded proteins. Although Hsp70 is the major cellular chaperone, Hsp60 
and Hsp90 also assist in refolding of denatured proteins. Denatured proteins that 
form aggregates undergo degradation mediated by either protease or Hsp100. 
However, aggregated proteins that are successfully resolubilized by Hsp100 can 
be further fed into Hsp70 for proper refolding. Heat stress also triggers a series 




of basal thermotolerance and may not be able to deal with more severe heat-
induced damage. Hence, HS also triggers protein synthesis of a series cascade of 
Hsps and other stress-response factors (Wang et al., 2004). These cascading 
events contribute to the acquired thermotolerance of the plants and help to 
replenish the pool of existing Hsps occupied by denatured, misfolded and partially 
folded proteins. 
 
1.5 J-class heat shock proteins 
1.5.1 An obligate Hsp70 co-chaperone 
In all living organisms examined so far, Hsp70s do not operate alone but 
require accessory factors called J-proteins (also collectively referred to as Dna-J 
proteins or Hsp40s) (Rajan & D'Silva, 2009). Hsp70s and J-proteins function 
cooperatively in a wide spectrum of cellular activities and are among the most 
ubiquitous kind of molecular chaperone machineries in both eukaryotic and 
prokaryotic organisms (Craig et al., 2006). J-proteins are known for having roles 
in many cellular processes such as de novo protein folding, translocation of 
polypeptides across membranes and degradation of misfolded proteins (Craig et 
al., 2006). While J-proteins play a primary role in stimulating the ATPase activity 
of Hsp70, for maximizing the ability to capture unfolded client proteins, different 
J-proteins have evolved to be functionally diverse (Hennessy et al., 2005; Craig et 
al., 2006; Rajan & D'Silva, 2009; Kampinga & Craig, 2010). 
 
1.5.2 Canonical mechanism of J-proteins in the Hsp70 cycle 
The main function of all J-proteins is to stimulate the ATPase activity of 
Hsp70 after the conserved J-domains of the J-proteins interact transiently with the 
ATPase domains of the Hsp70s (Craig et al., 2006). In a general Hsp70 ATPase 
cycle, Hsp70 cycles between two unique conformational states: the ATP-bound 
and the ADP-bound states (Figure 4). The ATP-bound state of Hsp70 shows low 
basal ATPase activity and interacts with unfolded client proteins transiently. This 
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transient engagement of Hsp70 with its client protein occurs very fast due to the 
rapid on and off rate of client binding in ATP-bound state. Thus, hydrolysis is 
essential to allow the stable interaction of client protein with Hsp70. Notably, the 
spontaneous transition between ATP-bound and ADP-bound states is extremely 
slow (Rajan & D'Silva, 2009; Kampinga & Craig, 2010). As such Hsp requires 
cofactors to stimulate its ATPase activity and this is where the critically important 
J-proteins come into play. 
 
The J-proteins bind to unfolded client proteins via its peptide-binding domain and 
interacts with the ATP-bound Hsp70 through its J-domain (Figure 4). This 
engagement not only helps to sequester the client proteins directly into the “open” 
peptide-binding cleft of Hsp70, but also stimulates ATP hydrolysis that triggers a 
conformational change in Hsp70. This results in the closure of helical lid over its 
cleft and thus stabilizes the interaction of client proteins with Hsp70. The J-
proteins then withdraw from the complex. Subsequently, accessory factors such as 
nucleotide exchange factor (NEF), which has a higher affinity for ADP-bound 
Hsp70 than ATP-bound Hsp70, bind to Hsp70 and cause the exchange of ADP to 
ATP, resulting in dissociation of ADP from Hsp70. Subsequently, the docking of 
ATP to Hsp70 primes the latter for a second cycle of interaction with unfolded 
client proteins (Rajan & D'Silva, 2009; Kampinga & Craig, 2010). 
 
1.5.3 Driver of Hsp70s’ multifunctionality 
In almost every living organism, the number of J-proteins far exceeds the 
quantity of Hsp70s. For instance, humans have 11 identified Hsp70s but 41 
representative J-proteins (Kampinga & Craig, 2010). Most studies of Hsp70:J-
protein facilitated protein folding have been conducted in vitro as in vivo 
experiments are often compromised by the redundancy of the J-proteins (Craig et 
al., 2006). Despite the greater abundance of J-proteins compared to Hsp40 and 










Figure 4: Heat shock protein 70 chaperons ATPase cycle. 
ATP-bound Heat shock protein 70 (Hsp70) with low ATPase activity 
spontaneously interacts with unfolded protein (client) transiently. Most of these 
complexes fail to interact further with subsequent J-protein. On the other hand, J-
protein can bind reversibly to the client in a stronger affinity than ATP-bound 
Hsp70. Besides delivery of the client to the cleft of Hsp70, J-protein also 
stimulates the ATPase activity of Hsp70, allowing transformation to ADP-bound 
Hsp70 before it dislodges from the complex. After the high affinity ADP-bound 
Hsp70 refolds the client, ADP is dissociated with the aid of nucleotide exchange 






the “recruiting factor” or “driver” for Hsp70 (Hennessy et al., 2005; Craig et al., 
2006; Kampinga & Craig, 2010). Hence, while Hsp70 is often referred to as the 
“horse-power” of chaperone machinery, J-proteins act as the “tuner” to fine-tune 
the machine with their intrinsic functional specificities (Kampinga & Craig, 2010).  
 
1.5.4 General features of a J-protein 
The obligate J-domain that defines all the J-protein members is a highly 
conserved, approximately 70 amino acid signature region that is named after the 
pioneer J-protein E. coli DnaJ (Cheetham & Caplan, 1998). The J-domain is 
recognized to be the essential and minimal binding region entailed for proper 
interaction between J-proteins and their chaperone partner Hsp70s (Figure 2B) 
(Hennessy et al., 2005). Situated in the N-terminus of J-protein, NMR 
experiments revealed that the J-domain comprises four -helices (helices I to IV), 
with helices II and III orientated antiparallel to each other to establish a coiled-
coil motif around a hydrophobic core (Pellecchia et al., 1996). In addition, the 
loop between helices II and III contains the most highly conserved and 
functionally critical tripeptide of J-domains, the histidine-proline-aspartate (HPD) 
motif, which has been demonstrated to be indispensable for ATPase stimulation in 
many systems (Tsai & Douglas, 1996; Kampinga & Craig, 2010). The short 
helices I and IV, which are found at the N- and C-termini of J-domains, aid in 
stabilizing the interaction between the antiparallel helices (Szyperski et al., 1994) 
 
The other domains found in a typical J-protein are the G/F region, zinc-finger 
domain and C-terminal domain (Figure 2B). The function of G/F region, which 
precedes the J-domain, is largely unclear and that the amino acid residues within 
this region serve no purpose for in vivo function (Sahi & Craig, 2007). 
Nevertheless, it has been suggested that the high degree of conformational 
plasticity of G/F region acts as a flexible linker and regulates the specificity of J-
protein function (Pellecchia et al., 1996; Craig et al., 2006). Furthermore, G/F 
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region has been associated with the general stability and specific positioning of J-
domain to Hsp70 (Cheetham & Caplan, 1998). 
 
Distal to the G/F region is the zinc-binding cysteine-rich sequence (Figure 2B). 
This zinc-finger domain in J-protein is characterized by the presence of four 
canonical repeats of CXXCXGXG motifs, which are divided into two distinct 
clusters with each cluster binding to a zinc ion (Martinez-Yamout et al., 2000). 
This domain is required in binding unfolded client proteins and facilitates Hsp70 
in protein folding. (Banecki et al., 1996; Szabo et al., 1996; Lu & Cyr, 1998) 
 
The C-terminal domain is somewhat less conserved and has limited sequence 
similarity compared to the other regions in J-protein (Figure 2B). Nevertheless, 
the overall conformational structure is surprisingly similar (Craig et al., 2006). 
This C-terminal domain caters specificity for the Hsp70:J-protein chaperone 
machinery and function in binding of unfolded client protein and its sequestration 
into Hsp70 (Li et al., 2003; Shi et al., 2005). Moreover, disturbance to 
dimerization of J-proteins confers serious defects in the chaperone function of 
Hsp70:J-protein machinery, suggesting that this domain is particularly essential 
for dimer formation (Shi et al., 2005; Wu et al., 2005).  
 
1.5.5 Classification of Arabidopsis thaliana J-proteins 
Recent genome-wide analysis of the J-protein family in Arabidopsis has 
revealed 120 distinct J-proteins in the model plant genome, which is more than 
the previous study that identified 89 J-proteins (Miernyk, 2001; Rajan & D'Silva, 
2009). These 120 J-proteins have been classified into four types based on the 
presence of motifs/domain that have been mentioned previously in section 1.5.4 
(Figure 2B). Type 1 J-proteins have all the four domains arranged in sequential 
order as described earlier whereas Type II J-proteins have all domains with the 
exception of zinc-finger domain. On the other hand, Type III J-proteins only have 
J-domain. In contrast to the N-terminal situated J-domain in Type I and II J-
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proteins, the J-domain can be located anywhere in the region of the Type III J-
protein. And in some cases, Type III J-proteins may have zinc-finger domains of a 
different type from that found in Type I J-proteins. Lastly, Type IV J-proteins are 
known as J-like proteins because they do not have the critical HPD motif and only 
exhibit somewhat significant sequence and structural similarities to J-domain. 
Among the 120 identified J-proteins in Arabidopsis, there are eight classified as 
Type I, 16 Type II, 92 Type III and 4 Type IV J-proteins (Rajan & D'Silva, 2009). 
It is worth noting that in organisms besides Arabidopsis, Type II and III J-proteins 
are also referred to as J-like proteins and the true J-proteins are strictly defined by 
the presence of all four domains (Hennessy et al., 2005). 
 
1.5.6 Protein localization and functional diversity of J-proteins 
The biological function of each individual J-protein depends on their 
tethering to particular subcellular compartments. Based on bioinformatics analysis 
of the 120 identified J-proteins in Arabidopsis, 50 are localized in cytosol, 19 in 
mitochondria, 12 in chloroplasts, nine in the endoplasmic reticulum (ER), three in 
the cytoskeleton, one in plasma membrane, 24 in nucleus and two in vacuole 
(Rajan & D'Silva, 2009).The extensive number of J-proteins suggests possible 
roles in plant-specific processes besides having critical roles within the Hsp70 
core machinery. Some J-proteins have been reported to have evolved to play 
important roles in developmental pathways (Table 2). 
 
Cytosolic J-proteins are the most abundant and are involved during abiotic stress 
to avert protein aggregation in the cytosol. Type I DnaJ homolog 3 (J3), which is 
the focus of this study, was first identified as part of cytosolic Hsp70:J-protein 
machinery (Zhou et al., 1999). It contains a C-terminal CAQQ motif that serves 
as signal for farnesylation, a lipid modification that facilitates membrane 
association. More recently, J3 has been shown to mediate the integration of 
flowering signals and regulation of H+-ATPase on the plasma membrane (Yang 
et al., 2010; Shen et al., 2011). Type I DnaJ homolog 2 (J2) is a homolog and the  
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Table 2: Overview of existing Arabidopsis J-proteins and J-like proteins with 
known functions in Arabidopsis development. 
 
Gene locus Name Function Localization Reference 
Type I     









(Yang et al., 
2010; Shen et 
al., 2011) 




Mitochondria (Christensen et 
al., 2002) 
At3g62600 ERDJ3B Control of pattern-
recognition 








Nekrasov et al., 
2009) 
Type II     
At3g08970 TMS1 Thermotolerance 
of pollen tubes 
ER lumen (Yamamoto et 
al., 2008; Yang 
et al., 2009) 






(Rosen et al., 
1999; Sedbrook 















Type III     









 Viral pathogenesis ER lumen (Bilgin et al., 
2003) 







Thermotolerance Mitochondria (Zhou et al., 
2012) 
At2g35720 OWL1 Perception of very 
low light fluences 
Cytosol, 
nucleus 













(Tamura et al., 





    
At5g42480 ARC6 Plastid division Plastid 
envelope 
(Pyke et al., 
1994; 
Robertson et 
al., 1995; Vitha 
et al., 2003) 
 
Abbreviation: ATJ3/J3, Arabidopsis thaliana J-protein 3/ DnaJ homolog 3; GFA2, 
Gametophytic Factor 2; ERDJ3B, Endoplasmic Reticulum DnaJ 3B; TMS1, 
Thermosensitive Male Sterile 1; ARG1, Altered Response To Gravity 1; 
ARL1/GPS4, Altered Response To Gravity 1-Like 1/Gravity Persistence Signal 4; 
JAC1, J-domain Protein Required For Chloroplast Accumulation Response 1; 
P58
IPK
, cellular inhibitor of mammalian double-stranded RNA-activated protein 
kinase; ERDJ2A, Endoplasmic Reticulum DnaJ 2A; ATJ1/DjB1, Arabidopsis 
thaliana J-protein 1/DnaJ Type II homolog 1; OWL1, Orientation under Very 
Low Fluences of Light 1; GRV2/KAM2, Gravitropism Defective 2 / Katamari; 




closest homologous protein of J3, sharing 95.7 % sequence similarity (90.8 % 
identity) (Zhou et al., 1995). But its detailed biological significance as compared 
to J3 is still enigmatic. Another cytosolic J-protein, ATJ1, is a Type II J-protein 
with roles in promoting thermotolerance by protecting cells against heat-induced 
oxidative damage (Zhou et al., 2012). The ATJ1 knockout plants were more 
susceptible to heat damage and have increased levels of hydrogen peroxide and 
oxidative products upon HS. Yet another cytosol J-protein, Type III J-domain 
Protein Required For Chloroplast Accumulation Response 1 (JAC1), acts in 
signal transduction pathway for phototropin-mediated chloroplast translocation 
(Suetsugu et al., 2005). Orientation under Very Low Fluences of Light 1 (OWL1), 
another Type III J-protein is involved in perception of very low light fluences and 
is localized in the nucleus besides the cytosol. Mutants of OWL are not only 
impaired in very low fluences response (VLFR), but also display longer 
hypocotys, partially unfolded cotyledons, delayed flowering time, suggesting its 
importance in VLFR which is essential for plant survival under hostile light 
circumstances (Kneissl et al., 2009). 
 
In Arabidopsis, there are nine endoplasmic reticulum (ER)-localized J-proteins. 
Endoplasmic Reticulum DnaJ 2A (ERDJ2A), a type III J-protein, has been 
implicated in pollen germination as loss-of-function of ERDJ2A conferred defects 
in pollen germination, which lead to subsequent embryo lethality (Yamamoto et 
al., 2008). On the other hand, ERDJ3B is reported to function in regulating the 
pattern-recognition receptor EFR in plant innate immunity (Nekrasov et al., 2009). 
In viral pathogenesis in Arabidopsis, the ER-localized J-protein, Type III P58
IPK
 
acts as a susceptibility factor during virus infection and loss of P58
IPK
 leads to 
reduced virus titer (Bilgin et al., 2003). Another ER-localized J-protein, 
Thermosensitive Male Sterile 1 (TMS1), is involved in thermotolerance of pollen 
tube. Mutation in TMS1 conferred heat sensitivity of pollen tube and resulted in 




There are 19 J-proteins in the Arabidopsis mitochondria. Among them, 
Gametophytic Factor 2 (GFA2), which is localized in the mitochondrial matrix, is 
required for post-translation protein folding in conjunction with mtHsp70. Loss of 
GFA2 results in synergid cell death during fertilization, and subsequently prevents 
normal development of the female gametophyte (Christensen et al., 2002). 
 
Arabidopsis chloroplasts contain 12 J-proteins. Perhaps the most well-known of 
chloroplast J-proteins are Altered Response To Gravity 1 (ARG1), and Altered 
Response To Gravity 1-Like 2 (ARL2), both of which function in root and 
hypocotyl gravitropism (Rosen et al., 1999; Sedbrook et al., 1999; Guan et al., 
2003; Harrison & Masson, 2008). ARG1 and its homolog ARL2 are Type II J-
proteins that act in the same gravity signal transduction pathway involving 
cytoskeleton in root statocytes. Their double mutants exhibited similar slow 
gravitropism curvature kinetics in roots and hypocotyls to those of their single 
mutants. Nevertheless, they still display normal root growth responses to plant 
hormones, auxin transport inhibitors, starch accumulation and phototropism 
(Sedbrook et al., 1999). Interestingly, Accumulation and Replication of 
Chloroplasts 6 (ARC6) is a chloroplast-localized J-like protein and is not regarded 
as a Type IV J-protein. ARC6 possesses an atypical J-domain and only the Proline 
residue of the highly conserved HPD motif is conserved (Vitha et al., 2003). 
ARC6 plays important roles in early development of proplastid prior to 
chloroplast differentiation in both the shoot and root meristem (Robertson et al., 
1995). Although its detailed role as Hsp70 co-chaperone is not known, mutants of 
ARC6 are severely impaired in plastid division and show abnormal localization of 
main plastid division proteins. Not only do mesophyll cells of the mutants contain 
only an average of two chloroplasts (average of 83 chloroplasts in wild-type), 
arc6 plants are smaller with twisted, curled rosette leaves and inversion of lamina, 
which are attributed to the irregularities in leaf mesophyll cell expansion (Pyke et 




Arabidopsis peroxisomal J-proteins such as Type III Katamari 2 (KAM2), also 
known as Gravitropism Defective 2 (GRV2) is localized in the vacuole and is 
needed for normal endosome formation and vacuolar sorting (Tamura et al., 
2007). Additionally, KAM2/GRV2 is involved in the determination of embryo 
growth axis through regulating auxin distribution. Loss of KAM2/GRV2 triggers a 
disturbance to auxin distribution and disrupts vesicle trafficking, leading to 
defects in both shoot gravitropism and phototropism (Tamura et al., 2007; Silady 




1.6 Objectives of this study 
The rise in global temperatures has led to an escalation in the frequency 
and severity of heat waves which in turn has had drastic influences on crop 
production and food security (Battisti & Naylor, 2009; Semenov & Halford, 
2009). In individual plants, the increasing temperatures lead to heat stress, which 
has huge effects on the metabolism and function of cellular components (Sung et 
al., 2003). Thermotolerance is an indispensable component of the heat 
acclimatization response and is divided into basal and acquired thermotolerance 
(Larkindale et al., 2005). An increase in the understanding of thermotolerance in 
plants is a progression towards overcoming the detrimental effects of global 
warming to plants. 
 
The Arabidopsis J-proteins, J2 and its homolog J3, which share more than 90 % 
sequence similarity, are homologous to yeast Hsp40 (Zhou et al., 1995; Zhou et 
al., 1999). To date, the molecular mechanism of how J2 and J3 function in 
conferring thermotolerance to heat stress remains vague. We therefore attempted 
to characterize the roles of J2 and J3 with respect to both basal and acquired 
thermotolerance in the model plant, Arabidopsis thaliana. To this end, the major 
objectives of this study were: 
 
1. To clarify the biological roles of J2 and J3 in the regulation of 
thermotolerance in Arabidopsis; 
2. To elucidate the downstream components of J2 and J3 that coordinate to 





















Materials and Methods 
2.1 Plant materials and growth conditions 
Arabidopsis thaliana (ecotype Columbia) plants were sown either on soil or on 
Murashige and Skoog (MS) medium (1/2 MS, 1 % sucrose, 0.3 % phytagel, pH 
5.7) in this study. Arabidopsis of ecotype Columbia (Col) was used in this study. 
The mutant j2-1 (SALK_071563C), j3-1 (SALK_132923) and j3-2 
(SALK_141625) were obtained from the Arabidopsis Biological Resource Center 
(ABRC). 
 
For plants grown on soil, seeds were first stratified on moist filter paper at 4 
o
C 
for 3 days to break seed dormancy and to ensure uniform germination. Stratified 
seeds were next transferred to moist potting mix (Tref) in plastic trays and 
covered to maintain high humidity to encourage germination. After germination, 
the covers were removed and the trays were then placed in an environmentally 
controlled growth chamber (Sanyo Medicals, Japan) and grown under long-day 
photoperiod (16 h light/8 h dark) conditions at 23 
o
C with a relative humidity of 
70 %.  
 
For plants grown in sterile conditions, seeds were first surface sterilized through 
sequential washes with sterile water (3 times), 70 % ethanol (v/v) for 1 min, 
sterile water (3 times), 10 % Clorox® (20 min with agitation), followed by sterile 
water (3 times). Subsequently, the sterilized seeds were sown on MS medium in 
Petri dishes. The plates were sealed and stratified at 4 
o
C for 3 days before 
transfer to a room equipped with fluorescent tubes set at long-day photoperiod (8 
h) and conditions maintained at 23 
o







2.2 Stress assays 
2.2.1 Stress induction for gene expression analysis 
Seeds of wild-type and mutants were sown on MS medium under 
conditions as described in section 2.1. For cold treatment, 7-day-old seedlings 
grown on MS medium were incubated at 4 
o
C under continuous light for the 
specified times. For drought treatment, 7-day-old seedlings were harvested from 
MS medium and then dehydrated on Whatman 3MM paper (Sigma, USA) at 23 
o
C and 60 % humidity under dim light intensity for the specified times. For salt 
treatment, 7-day-old seedlings were harvested from MS medium and placed on 
Whatman 3MM paper soaked with 250 mM NaCl for the specified times. For heat 
treatment, 7-day-old seedlings grown on MS medium in sealed Petri dishes were 
incubated at 37 
o
C or other stated temperatures in a water bath for the specified 
times. 
 
2.2.2 Thermotolerance assays 
Seeds of wild-type and mutants (or transgenic lines) were sown on Petri 
dishes containing 20 ml of MS medium and grown under conditions as described 
in section 2.1. All heat treatments were performed in the dark to ensure that cell 
death was a result of increased temperature and not photo-oxidative stress. To 
assess acquired heat thermotolerance, Petris dishes containing 7-day-old seedlings 
on MS medium were first exposed to 37 
o
C, transferred to 23 
o
C for 2 hours, then 
subjected to 44 
o
C for a specified time in a water bath and then transferred to 23 
o
C for recovery. To assess basal heat tolerance, Petri dishes containing 7-day-old 
seedlings on MS medium were directly exposed to 44 
o
C for a specified time in a 
water bath and then transferred to 23 
o
C for recovery. The results were 
documented photographically after 7 days at normal growth conditions at 23 
o
C 
unless otherwise stated. Seedlings used for hypocotyl elongation assay were 
grown in the dark before and after heat treatment. For root length and hypocotyl 
elongation assays, 2-day-old seedlings grown on MS plates were exposed to 44 
o
C 
for a specified times. The survival rate was evaluated after 2 and 7 days of 
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recovery at 23 
o
C. Seedlings that were still green and with newly emerging leaves 
were scored as viable. Survival rate was determined by the ratio of surviving 
seedlings to total seedlings germinated. Each datum point is the mean value from 
3 independent experiments, with at least 45 seedlings in each experiment unless 
otherwise stated.  
Note: refers to the respective experiment for corresponding specific time. 
 
2.2.3 Electrolyte leakage and hydrogen peroxide measurements 
For electrolyte leakage measurements, approximately 0.1 g of green leaves 
was excised from 3-week-old plants grown in plant growth chamber as described 
in section 2.1. The excised leaves were washed 3 times with ion-free water, 
placed in glass scintillation vials containing 5 ml of ion-free water and incubated 
at 44 
o
C in water bath. The conductivity of the incubation medium was recorded 
at hourly intervals with a Twin Cond B-173 conductivity meter (Horiba, Japan). 
 
For measurement of hydrogen peroxide (H2O2) levels, approximately 0.1 g of 
green leaves was excised from 3-week-old plants after heat shock (HS) treatment 
at 44 
o
C for 1 h. The leaves were pulverized with 0.1 % trichloroacetic acid (TCA) 
and centrifuged at 8,000 rpm for 20 min at 4 
o
C. A volume of 1 ml of extracted 
supernatant was mixed with 1 ml of 1 M potassium phosphate buffer and 2 ml of 
1 M potassium iodide. The reaction mixture was measured for its absorbance 
value at 390 nm at different time intervals. The amount of H2O2 was determined 
using a standard curve prepared with known concentrations of H2O2. 
 
2.3 RNA expression analyses  
2.3.1 Total RNA extraction 
Total RNA was extracted from various plant tissues using FavorPrep
TM
 
Plant Total RNA Purification Mini Kit (Favorgen, Taiwan) following the 
manufacturer’s instructions. Prior to RNA isolation, plant samples were flash-
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frozen in liquid nitrogen. All the micropestles, pipette tips and microfuge tubes 
were autoclaved at 121 °C for 1h before use.  
 
Flash-frozen plant samples were thoroughly ground with micropestle in FARB 
buffer containing β-ME. The homogenized mixture was then transferred into a 
filter column placed in a collection tube. After centrifugation at 14,000 rpm for 2 
min at room temperature, the clarified supernatant was transferred to a microfuge 
tube containing 0.5 volume of 100 % ethanol and mixed by pipetting. The mixture 
was subsequently transferred to a FARB mini column placed in a new collection 
tube. Following centrifugation at 14,000 rpm for 1 min at room temperature, the 
flow-through was discarded and 250 µl of wash buffer 1 were added to rinse the 
column. To remove remnant genomic DNA, 100 µl of RNase-free DNaseI (Roche, 
USA) were incubated with the total RNA for 15 min at room temperature. The 
column was then washed once with 250 µl of wash buffer 1 and twice with 700 µl 
of wash buffer 2 before centrifugation at 14,000 rpm for 3 min at room 
temperature to dry the column. The dried column was next transferred to a new 
microfuge tube and 40 µl of RNase-free water were added onto the column 
membrane before the total RNA was eluted by centrifugation at 14,000 rpm for 2 
min at room temperature. Finally, the concentration of the total RNA was 
determined by a NanoDrop® ND-1000 spectrophotometer (Thermo Scientific, 
USA).  
 
2.3.2 cDNA synthesis 
Total RNA was subjected to reverse transcription to produce cDNA using 
Moloney murine leukemia virus (M-MLV) Reverse Transcriptase (Promega, USA) 
following the manufacturer’s instructions with slight modifications.  
 
RT-PCR reaction containing 1000 ng of total RNA and 0.5 µl of 50 µM Oligo 
(dT)20 primer were mixed and topped up to a volume of 8.5 µl with DEPC-treated 
water prior to denaturation at 70 P
o
PC for 5 min.  The mixture was then cooled 
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immediately on ice before 0.625 µl of 10 mM dNTP mix, 0.3125 µl of rRNasin® 
RNase Inhibitor (Promega, USA) and 2.5 µl of M-MLV RT 5X Reaction Buffer 
were added. The final reaction mixture was further incubated at 42 P
o
PC for 1 h 
followed by denaturation of the M-MLV Reverse Transcriptase via heating at 70 
P
o
PC for 10 min. The cDNA product obtained was diluted with 50 µl of autoclaved 
water before use. 
 
2.3.3 Semi-quantitative RT-PCR 
The reverse-transcribed cDNA and gene-specific primers were used for 
the PCR amplification to quantify gene expression levels.  
 
The general PCR reaction mixture (10 µl) comprised of 5X Green GoTaq® 
Reaction buffer (Promega, USA), 0.2 mM dNTPs, 0.2 µM of each primer, 0.25 U 
of GoTaq® DNA Polymerase (Promega, USA) and 0.5 µl of diluted cDNA 
template, topped up with autoclaved water. The PCR profile consisted of an initial 
denaturation at 95 °C for 2 min, 28 – 33 cycles of denaturation at 95 °C for 30 s, 
primer annealing at optimized temperature for 30 s and extension at 72 °C for 30 s, 
followed by a final extension at 72 °C for 5 min. β-tubulin gene (TUB2) was 
amplified as an internal control for normalization. The PCR products were 
resolved electrophoretically and visualized on 1.2 % agarose gel containing 
SafeView
TM
 DNA Stain (ABM, Canada). Primers used for semi-quantitative RT-
PCR are listed in Table 3. 
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Table 3: List of primers used in this study. 
 
Primers for constructs 
Gene name Primer 
name 
Primers (5’ to 3’) 
35S:J2 35S:J2_F GACTGCAGATGTTTGGAAGAGGACCTTCA 
 35S:J2_R GACCCGGGTCACTGCTGGGCACATTGC 
 35S:Pro GACCCTTCCTCTATATAAGGAAGTTC 
 PGP2 CCTTATCGGGAAACTACTCACAC 
gJ3:GUS gJ2F(Xma)   CCCCCCGGGAATTCAATCACAGTCAGTGATG 
 gJ2R2(Spe) GGACTAGTCTGCTGGGCACATTGCACACG 
 GUS103 ATCGTTAAAACTGCCTGGCAC   
GFP-J2 J2F(Xma) GACCCGGGATGTTTGGAAGAGGACCTTCA 
 J2R2(Spe) GGACTAGTTCACTGCTGGGCACATTGCAC 
 
Primers for genotyping 
Gene name Primer name Primers (5’ to 3’) 
J2 j2-1 geno F GGATTCTGATTGATAAAAGAAAAACC   
 j2-1 geno R TATGACTTCCGAATGGGTGTC   
J3 j3-1 geno F TGTTGAATTTTGATCCGATCTG   
 j3-1 geno R CCCTTTCTCTTGAACTTTGGG   
J3 j3-2 geno F TTAATAAAATTGCGTCGTCCG   





Primers for semi-quantitative PCR 










Primers for quantitative real-time PCR 









































































































Primers for ChIP assay on the HsfA2, HsfA3 and Hsp70 regulatory sequence 
Primer Primers (5’ to 3’) 
HsfA2 (1) GCATCGTTAGAAATGGGCTTA 
 GTGGCGACAAGACAAGACAAT 
 
HsfA2 (2) CCACCACCGTTTCTGACTAAG 
 CACACCACAAAGCTGTTACGA 
HsfA2 (3) TGCAGAATGTGAATCAGCAAG 
 ACCATGATCCCTCTTCAACCT 
HsfA3 (1) TCCGAATTAATCGTTTGATGG 
 CTGATTCGCTTTTCGTGTTTC 
HsfA3 (2) TTGTCGGTTACTTCCTTCCCTA 
 AGTGAGAAATTGGGGTGTGTG 
HsfA3 (3) GTCATCTCTTGGGGACTGACC 
 CTGACGAAGCTGGAGAAATTG 
HsfA3 (4) TTCCAGGGATTTCGAAAGATT 
 ATCGACGACGATGAATGTTCT 
HsfA3 (5) ATTGGAAAAGGCGAGAAAGAA 
 TCTCCCAATCATCAGCTTCAT 
Hsp70 (1) GATGATCAGGACTTGGGGTTT 
 CTTCGTATTTGGGATCAGCAG 
Hsp70 (2) CGGCTGAGATCTTTACTCGTG 
 TGTGAGGAAGAGAAGGCAGAG 
Hsp70 (3) GATGCTGCCAAGAATCAAGTC 
 ATGCAGGAAGCAAAGCAGATA 











2.3.4 Quantitative real-time PCR 
Quantitative real-time PCR was performed with 2X KAPA™ SYBR® 
FAST Master Mix (Kapa Biosystems, USA) on the CFX384
TM
 Real-Time PCR 
System (Bio-Rad, USA). 
 
The general real-time reaction mixture (5 µl) comprised of 2.5 µl of 2X KAPA™ 
SYBR® FAST Master Mix, 0.2 µM of each primer and 0.5 µl of diluted cDNA 
template samples, topped up with autoclaved water. Each reaction was carried out 
in triplicates. The reaction mixtures were loaded onto Hard-Shell®384-well 480 
PCR plates (Bio-Rad, USA) and sealed with Microseal® 'C' optical seals (Bio-
Rad, USA). The PCR profile consisted of an initial denaturation at 95 °C for 3 
min, 40 cycles of denaturation at 95 °C for 10 s, and primer annealing and 
extension at 60 °C for 30 s. The real-time PCR analysis was followed by a 
melting (dissociation) curve at 65 °C to 95 °C for 5 s, with 0.5 °C increment to 
verify the specificity of the gene-specific primer pairs. TUB2 was amplified in 
triplicates and used as an internal control. The difference between the cycle 
threshold (Ct) of target genes and TUB2 (ΔCt = CtBtargetB gene – CtBtubulinB) was used 
to obtain the normalized expression of target genes, which corresponds to 2 P
-ΔCt
P. 
Primers used for quantitative real-time PCR are listed in Table 3. 
 
2.4 Chromatin immunoprecipitation 
2.4.1 Nuclear fixation with formaldehyde 
Between 0.3 – 0.5 g of plant tissues were collected for each Chromatin 
immunoprecipitation (ChIP) assay. The plant materials were immersed into pre-
cooled MC buffer (10 mM potassium phosphate pH 7, 50 mM NaCl, 0.1 M 
sucrose) with 1 % formaldehyde on ice and subjected to vacuum infiltration at 
4 °C for 1 h. Glycine was added to a final concentration of 0.15 M to stop the 
fixation reaction. The resulting suspension was then incubated at 4 °C for 20 min 
with shaking. Subsequently, the plant materials were transferred to fresh MC 
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buffer and washed thrice at 4°C for 20 min with shaking. The washed plant 
tissues were dried on paper towels. The fixed materials could be homogenized 
immediately or stored at -80°C. 
 
2.4.2 Nuclear protein-DNA extraction 
Plant materials were pulverized in liquid nitrogen using a mortar and 
pestle. Pre-chilled M1 buffer (10 mM potassium phosphate pH 7, 0.1 M NaCl, 10 
mM β-ME, 1 M hexylene glycol, 1 mM PMSF) was added to form a thick slurry 
and transferred into a 1.5 ml microfuge tube, followed by centrifugation at 14,000 
rpm for 10 min at 4 
o
C. After the supernatant was discarded, the pellet was 
resuspended in 1 ml of pre-chilled M2 buffer (10 mM potassium phosphate, pH7, 
0.1 M NaCl, 10 mM β-ME, 1 M hexylene glycol, 10 mM MgCl2, 0.5 % Triton® 
X-100, protease inhibitor (Roche, USA)), mixed thoroughly and centrifuged as 
above. After the supernatant was discarded, the pellet was washed thrice with M2 
buffer or until the supernatant became clear. Lastly, the pellet was washed twice 
with 1 ml pre-chilled M3 buffer (10 mM potassium phosphate, pH 7, 0.1 M NaCl, 
10 mM β-ME) and centrifuged as above. 
 
2.4.3 Sonication of chromatin 
The washed extract was resuspended in 0.5 ml of sonication buffer (10 
mM potassium phosphate pH 7, 0.1 M NaCl, 10 mM EDTA pH 8, 0.5 % (w/v) 
sarkosyl), placed on ice and subjected to three pulses of continuous sonic waves 
using ultrasonic processor (Vibra Cell
TM
) at an amplitude of 20, with each pulse 
lasting for 4 min, to produce genomic fragments of approximately 500 bp. The 
sonicated sample was then centrifuged at 14,000 rpm for 5 min at 4 
o
C to remove 
the cellular debris and the resulting supernatant was transferred to a new 
microfuge tube. The cellular debris was further resuspended in another 0.25 ml of 
sonication buffer to dissolve any remaining chromatin and centrifuged as above. 
The supernatant was then combined together with the earlier 0.5 ml chromatin 
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solution and a small portion (75 µl) of the chromatin solution was kept at -20 
o
C 
as the input sample. 
 
2.4.4 Immunoprecipitation 
The remaining chromatin solution was diluted with an equal volume of IP 
buffer (50 mM Hepes pH 7.5, 150 mM KCl, 5 mM MgCl2, 10 µM ZnSO4, 1 % 
Triton® X-100, 0.05 % SDS) and incubated with anti-HA antibody plus agarose 
beads at 4 °C overnight with rotation. The beads were then precipitated by 
centrifugation at 2,500 rpm for 1 min at 4 
o
C to separate the supernatant (post-
bind) from the immunoprecipitated proteins.  
 
2.4.5 Elution of immunoprecipitated proteins 
The agarose beads were sequentially washed with IP buffer for three times, 
followed by high salt buffer (IP buffer supplemented with 350 mM NaCl), 
LNDET buffer (0.25 M LiCl, 1 % Nonidet P-40, 1 % deoxycholate, 1 mM EDTA) 
and TE buffer (10 mM Tris pH 7.5, 1 mM EDTA). After the final wash with TE 
buffer, 200 μl elution buffer (50 mM Tris pH 8, 1 % SDS and 10 mM EDTA) 
were added and the sample was vortexed, and then incubated for 20 min at 65 
o
C. 
Subsequently, the sample was centrifuged at 14,000 rpm for 1 min at room 
temperature to recover the supernatant. The elution process was repeated thrice 
with 100 µl elution buffer to recover more proteins. Lastly, the eluted sample 
(total 500 µl) was centrifuged at 14,000 rpm for 2 min at room temperature to 
harvest the supernatant which was divided into 2 parts: 25 µl for western blot 
(section 2.4.6) and the rest for DNA analysis (section 2.4.7). 
 
2.4.6 Western blot 
Western blot, also known as protein immunoblot, was performed to 
confirm successful immunoprecipitation before DNA analysis (section 2.4.7). 
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SDS-polyacrylamide gel electrophoresis (PAGE) was first conducted to separate 
the proteins by their molecular weight, followed by immunoblotting. 
 
2.4.6.1 SDS-PAGE 
The SDS-PAGE gel comprised of a separating gel on the bottom and a 
stacking gel on the top. The separating gel was set up by mixing appropriate 
amount of 30 % polyacrylamide, 1.5 M Tris pH 8.8, 10 % SDS, 10 % ammonium 
persulfate (AP), TEMED and autoclaved water. The solution was mixed 
thoroughly and immediately loaded into the gel caster. After the separating gel 
was polymerized, the stacking gel was set up by mixing appropriate amounts of 
30 % polyacrylamide, 0.5 M Tris pH 6.8, 10 % SDS, 10 % AP, TEMED and 
autoclaved water before loaded on top of the separating gel in the gel caster. The 
comb was then placed to create the loading wells. After polymerization of the 
stacking gel, the SDS-PAGE gel was ready to use. 
 
To prepare the protein samples for electrophoresis, an appropriate amount of 6X 
SDS sample loading dye (125 mM Tris-HCl pH 6.8, 2 % SDS, 20 % glycerol, 
0.2 % bromophenol blue) was added to the protein samples, and mixed 
thoroughly. The protein samples were subsequently denatured by boiling at 100 
o
C for 10 min and kept on ice. 
 
The SDS-PAGE gel was assembled into the electrophoresis apparatus, and 1X 
SDS running buffer (25 mM Tris, 196 mM glycine and 0.1 % SDS) was added. 
The protein samples and Precision Plus Protein
TM
 standards All blue marker 
(Biorad, USA) were loaded into wells of the SDS-PAGE gel. Subsequently, the 
gel was run at 30 mA. After electrophoresis, the gel was stained with Coomassie 
blue staining solution (0.1 % Coomassie Brilliant Blue R-250, 10 % acetic acid, 
20 % methanol, 70 % autoclaved water), followed by incubation at room 
temperature for 20 – 60 min with shaking. The staining solution was then replaced 
by the destaining solution (10 % acetic acid, 20 % methanol, 70 % autoclaved 
58 
 




After gel electrophoresis (SDS-PAGE), the protein on the gel was 
transferred onto PVDF membrane in 1X transfer buffer (25 mM Tris, 196 mM 
glycine, 20 % methanol). The membrane was then blocked with 5 % non-fat milk 
in 1X PBS buffer at room temperature for 1 h with shaking. After blocking, the 
membrane was transferred into a fresh 5 % non-fat milk in 1X PBST buffer (PBS 
buffer supplemented with 0.02 % Tween-20) supplemented with antibody (1:1000 
in 5 % milk) and incubated overnight at 4 
o
C. Subsequently, the membrane was 
washed twice times with 1X PBST buffer and once with 1X PBS before protein 
detection using Supersignal west pico chemiluminescent substrate (Thermo 
Scientific, USA). 
 
2.4.7 DNA recovery and analysis 
The protein and genomic DNA were separated through reverse cross-link. 
Firstly, NaCl was added into both the input and elute solution to a final 
concentration of 0.3 M and incubated at 65 °C overnight. The following day, 1 µl 
of 1 mg/ml DNase free-RNase I (Roche, USA) was added and the solutions were 
incubated at 37 °C for 30 min to remove RNA. Subsequently, proteinase K was 
added to a final concentration of 0.5 mg/ml and the solutions were incubated at 
45 °C for 1 – 2 h to remove the proteins. The sample was then cooled to room 
temperature and the DNA was purified with FavorPrep™ Gel/PCR Purification 
Kit (Favorgen, Taiwan) according to the manufacturer’s instructions. The final 
eluate was treated with 3 M NaOAc (pH 5.2) added to a final concentration of 5 
mM to make the solution less basic. Purification of DNA was performed as 




The purified DNA samples were used for enrichment tests by quantitative real-
time PCR. DNA enrichment fold was determined with real-time PCR in triplicates 
as described in 2.3.4. Relative enrichment fold was calculated by first normalizing 
the amount of a target DNA fragment against that of a genomic fragment of the 
internal control, ACTIN, and followed by normalizing the value from 
immunoprecipitated DNA against non-immunoprecipitated (input) DNA. To 




(Ctcontrol sample input-Ctcontrol sample elute)
. The enrichment of a TUB2 
genomic fragment was used as a negative control. All primers used to amplify the 
genomic DNA regions are listed in Table 3. 
 
2.5 Molecular cloning 
2.5.1 PCR amplification 
To generate the constructs used in this study, the respective DNA 
fragments were amplified from cDNA or genomic DNA using primers specific 
for 5’ and 3’ ends of the DNA regions of interest. Restriction sites were 
incorporated into the primer sequence during primer design where necessary. The 
constructs used in this study are schematically illustrated in Figure 5. 
 
PCR amplification was performed with Phusion® High-Fidelity DNA Polymerase 
(NEB, USA). The general PCR mixture (20 µl) comprised of 5X Phusion® HF 
buffer, 0.2 mM dNTPs, 0.2 µM each of forward and reverse primers, 100 – 200 
ng of DNA template (either cDNA or genomic DNA) and 0.2 U of Phusion DNA 
Polymerase, topped up with autoclaved water. The PCR profile was set with an 
initial denaturation at 98 
o
C for 30 s, followed by 38 cycles of denaturation at 98 
o
C for 10 s, primer annealing at optimized temperature for 30 s and extension at 
72 
o
C for 30 s to 2 min depending on product size, followed by a final extension 
at 72 
o
C for 5 min. The PCR products were resolved electrophoretically and 
visualized on 1.2 % agarose gel containing SafeView
TM
 DNA Stain (ABM, 







Figure 5: Schematic diagram of constructs used in this study. 
(A) gJ2:GUS, (B) 35S:J2, (C) 35S:GFP-J2, (D) AmiR-j3, (E) 35S:J3, (F) gJ3-
4HA, (G) pGBKT7-J3, (H) pGBKT7-J3-C. LB: left border; RB: right border; ter: 




2.5.2 Purification of PCR fragments 
The PCR products were either purified directly or by gel extraction using 
FavorPrep™ GEL/PCR Purification Mini Kit (Favorgen, Taiwan) according to 
the manufacturer’s instructions.  
 
For direct PCR purification, the PCR products were mixed with an appropriate 
amount of FADF buffer (5 volumes of DF buffer to 1 volume of PCR product). 
The mixture was then transferred to FADF column and centrifuged at 14,000 rpm 
for 1 min at room temperature. After the flow-through was discarded, 750 µl of 
Wash Buffer were added and centrifuged as above. Subsequently, the FADF 
column was centrifuged at 14,000 rpm for 3 min to dry the column. The dried 
column was next transferred to a new microfuge tube and 20 µl of sterile water 
were added onto the column membrane before the DNA product was eluted by 
centrifugation at 14,000 rpm at for 2 min. Finally, the concentration of the total 
DNA was determined by a NanoDrop® ND-1000 spectrophotometer (Thermo 
Scientific, USA).  
 
For gel purification, the DNA fragment was excised from the agarose gel after gel 
electrophoresis under a UV illuminator. Buffer DF was added to the excised gel 
(500 µl FADF buffer for up to 300 mg of gel). The mixture was incubated for 5 – 
10 min at 55 
o
C till the gel slice was dissolved completely. Subsequently, the 
DNA was purified as described above for the direct PCR clean up, using the 
FADF column.  
 
2.5.3 Restriction digestion 
The purified PCR fragments and the appropriate plasmids were digested 
using the appropriate restriction enzymes at 37 
o
C for approximately 3 h. The 30 
µl digestion mixture comprised of 3 µl of 10X digestion buffer, 3 µl of 10X BSA, 
5 U of each restriction enzyme and approximately 1 µg of purified PCR fragments 
or plasmids, topped with autoclaved water. After digestion, reaction mixtures 
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were purified with FavorPrep™ GEL/PCR Purification Mini Kit (Favorgen, 
Taiwan) as described in section 2.5.2.  
 
2.5.4 Ligation 
The purified, digested PCR fragments and their respective vectors were 
ligated to generate recombinant vectors. 
 
Ligation was conducted for 1 h at room temperature or overnight at 16 
o
C in a 10 
µl reaction volume. The ligation mixture comprised of digested plasmids and 
digested PCR fragments in a ratio of 1:5, 1X T4 DNA ligation buffer and 3 U  of 
T4 DNA ligase (Fermentas, USA), topped with autoclaved water. The chimera 
was subsequently transformed to Escherichia coli (E. coli) DH5α competent cells 
as described in the section 2.5.5.2. 
 
2.5.5 Heat shock transformation of competent E. coli  
2.5.5.1 Preparation of competent E. coli  
The E.coli strain DH5α was employed in this study. The protocol for 
preparation of E.coli competent cells was adopted from a previously described 
method (Inoue et al., 1990).  
 
The frozen stock of of E.coli cells from -80 
o
C was thawed on ice, streaked evenly 
on a LB agar medium and incubated at 37 
o
C overnight. The following day, a 
single colony was picked, inoculated into 3 ml SOB medium [2 % (w/v) Tryptone, 
0.5 % (w/v) yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2.6H2O and 
10 mM MgSO4.7H2O, pH 6.8] and incubated overnight at 37 
o
C with vigorous 
shaking. The bacterial culture was then transferred into 200 ml of fresh SOB 
medium and incubated at 20 
o
C with vigorous shaking till OD600 reached 0.6. The 
bacterial culture was next transferred to ice-cold Falcon tube and kept on ice for 
10 min before centrifugation at 1,200 g for 10 min at 4 
o
C. The harvested pellet 
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was gently resuspended in 40 ml of ice-cold Tris-Borate (TB) buffer (10 mM 
Pipes, 55 mM MnCl
2
, 15 mM CaCl2, 250 mM KCl, pH 6.7) and incubated on ice 
for 10 min before centrifugation as mentioned above. Subsequently, the pellet was 
resuspended again in 8 ml ice-cold TB buffer before DMSO was added to the cell 
suspension as a stabilizer to a final concentration of 7 %. Lastly, the cell 
suspension was incubated on ice for another 10 min and stored in aliquots of 100 
µl in microfuge tubes before being flash-frozen in liquid nitrogen. The competent 
cells were stored at -80 
o
C prior to usage.  
 
2.5.5.2 Transformation of competent E. coli 
The frozen stock of E. coli was thawed on ice and mixed gently either 
with ligated vector-DNA construct or plasmid. After incubation on ice for 20 min, 
the cells were subjected to heat shock immediately in a 42 
o
C water bath for 60 s 
– 80 s and then placed immediately on ice for 3 min. Subsequently, 1 ml of LB 
medium was added to the cells and the cell suspension was then incubated for 1 h 
at 37 
o
C with gentle shaking. The bacterial cells were then pelleted by 
centrifugation at 3,000 rpm for 3 min. Lastly, the pellet was resuspended in 20 µl 
of LB medium and spread on LB agar medium supplemented with appropriate 
antibiotics for selection. The plate was then incubated overnight at 37 
o
C to allow 
for the growth of bacterial colonies. 
 
2.5.6 PCR screening for putative E. coli colonies 
A few of the colonies that survived on the antibiotic supplemented LB 
agar medium were resuspended in 6 µl autoclaved water to be used as template 
for PCR screening.  
 
The general PCR reaction mixture (10 µl) comprised of 5X Green GoTaq® 
Reaction buffer (Promega, USA), 0.2 mM dNTPs, 0.2 µM of each primer, 0.25 U 
of GoTaq® DNA Polymerase (Promega, USA) and 1.5 µl of bacterial suspension 
as template, topped up with autoclaved water. The PCR profile consisted of an 
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initial denaturation at 95 °C for 2 min, 35 cycles of denaturation at 95 °C for 30 s, 
primer annealing at optimized temperature for 15 s, extension at 72 
o
C for 30 s to 
2 min depending on product size, followed by a final extension at 72 
o
C for 5 min. 
The PCR products were resolved electrophoretically and visualized on 1.2 % 
agarose gel containing SafeView
TM
 DNA Stain (ABM, Canada). Colonies that 
resulted in PCR products of the expected band size were inoculated into 3 ml of 
LB medium supplemented with the appropriate antibiotics and cultured overnight 
at 37 
o
C with shaking. In general, a vector-specific and a gene-specific primer 
were used to confirm the success of the recombinant construct. Sequences of 
primers used for PCR screening are listed in Table 3. 
 
2.5.7 Plasmid DNA extraction 
Plasmid DNA was isolated from bacterial suspension using AxyPrep
TM 
Plasmid Miniprep Kit (Axygen, USA) according to the manufacturer’s 
instructions.  
 
The overnight grown bacterial culture was transferred to a 2 ml microfuge tube 
and centrifuged at 14,000 rpm for 1 min at room temperature. After the 
supernatant was discarded, the bacterial pellet was resuspended in 250 µl of 
Buffer S1. Subsequently, the cells were lysed by adding 250 µl of Buffer S2 and 
mixed by inverting the tube 10 times. Next, 350 µl of Buffer S3 were added into 
the tube and mixed by inverting the tube for 10 times before the lysate was 
clarified by centrifugation at 14,000 rpm for 10 min. After centrifugation, the 
clear lysate was transferred to a Miniprep column which was inserted into a 2 ml 
collection tube and centrifuged again at 14,000 rpm for 30 s. The Miniprep 
column was sequentially washed with 500 µl of Buffer W1 and 700 µl of Buffer 
W2. The dried column was next transferred to a new microfuge tube and 30 µl of 
sterile water were added onto the column membrane before the DNA product was 
eluted by centrifugation at 14,000 rpm for 2 min. Finally, the concentration of the 
plasmid DNA was determined by a NanoDrop® ND-1000 spectrophotometer 
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(Thermo Scientific, USA).  
 
2.5.8 DNA sequencing and analysis 
The nucleotide sequences of the recombinant constructs were verified via 
nucleotide sequencing prior to further use. Cycle sequencing was performed by 




 Terminator Cycle Sequencing Ready 
Reaction Kit (Applied Biosystems, USA) on a thermo cycler.  
 
The reaction mixture (5 µl) comprised of 1X Big Dye mix, 0.2 µM of primer and 
100 – 150 ng of plasmid DNA as template, topped with autoclaved water. The 
cycling profile consisted of 25 cycles of denaturation at 96 °C for 10 s, primer 
annealing at 50 °C for 5 s and extension at 60 
o
C for 1 min. The amplified 
products were precipitated and washed with 25 µl of 95 % ethanol with 1 µl of 
5M NaOAc pH 5.2 added, followed by 500 µl of 75 % ethanol. Each washing 
step was followed immediately by centrifugation at 14,000 rpm for 15 min at 
room temperature. After the second centrifugation, the precipitated DNA was air-
dried and sent to the DNA sequencing facility, at Department of Biological 
Sciences, NUS. The sequencing reaction was carried out in ABI PRISM
TM 
3130 
XL DNA sequencer (Applied Biosystems, USA). Sequence identities were 
analyzed using the BLAST algorithm in National Centre for Biotechnology 
Information (NCBI) website (http://blast.ncbi.nlm.nih.gov/Blast.cgi) or The 
Arabidopsis Information Resource (TAIR) website 
(http://www.arabidopsis.org/Blast/index.jsp) to ensure no non-conserved 
mutations. 
 
2.6 Generation of transgenic plants 
2.6.1 Preparation of competent Agrobacterium tumefaciens  
Agrobacterium strain GV3101 was employed for transformation of 




Firstly, the frozen stock of Agrobacterium cells kept at -80 
o
C was thawed on ice, 
streaked evenly onto a LB agar medium supplemented with 25 µg/ml gentamycin, 
10 µg/ml tetracycline and 50 µg/ml rifamycin, and incubated at 28 
o
C for 48 h to 
allow growth of bacterial colonies. A single colony was picked and inoculated 
into 3 ml LB medium with the antibiotics mentioned above and cultured at 28 
o
C 
with shaking overnight. The culture was transferred into 100 ml of fresh LB 
medium supplemented with antibiotics and further incubated at 28 
o
C with 
shaking till OD600 reached 0.6. Thereafter, the Agrobacterium culture was 
transferred to ice-cold Falcon tube and kept on ice for 20 min prior to 
centrifugation at 1,200 x g for 10 min at 4 
o
C. After the supernatant was discarded, 
the Agrobacterium pellet was gently resuspended in 8 ml ice-cold sterile water, 
kept on ice for 10 min, and centrifuged with the same parameter mentioned above. 
Lastly, the pellet was resuspended again in 8 ml ice-cold sterile water, incubated 
on ice for 10 min and stored in aliquots of 100 µl in microfuge tubes before being 
flash-frozen in liquid nitrogen. The competent cells were stored at -80 
o
C prior to 
use. 
 
2.6.2 Transformation of competent Agrobacterium tumefaciens  
The introduction of constructs into Agrobacterium tumefaciens competent 
cells was carried out using the electroporation method.  
 
The frozen stock of electroporation competent Agrobacterium cells was first 
thawed on ice. Approximately 0.1 – 0.2 μg of the recombinant plasmid (construct) 
was mixed with the competent cells and placed on ice for 15 min before the 
mixture was transferred into a pre-chilled 0.4 cm Gene Pulser® cuvette (Bio-Rad, 
USA). The electroporation was conducted at 2.5 kV using Electroporator 2510 
(Eppendorf, USA) and kept on ice for another 3 min. The Agrobacterium cells 
were recovered in 1 ml of fresh LB medium with shaking for 4 h at 28 
o
C. 
Thereafter, the cells were pelleted by centrifugation at 3,000 rpm for 10 min at 
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room temperature. The transformed cells were subsequently spread onto LB agar 
medium supplemented with 10 µg/ml tetracycline, 50 µg/ml rifamycin and 
appropriate antibiotics depending on the plasmid or construct (ie. 50 µg/ml 
kanamycin for pGREEN vector). The plate was incubated at 28 
o
C for 48 h to 
allow growth of bacterial colonies before verification of the colonies contained 
recombinant plasmids were detected by PCR screening as described in section 
2.5.1. 
 
2.6.3 Agrobacterium-mediated plant transformation 
The constructs were introduced into Arabidopsis plants by Agrobacterium-
mediated transformation according to the floral dip method with slight 
modifications (Clough & Bent, 1998).  
 
The single colony of Agrobacterium bearing the verified construct was cultured in 
3 ml of LB medium supplemented with antibiotics and incubated at 28 
o
C 
overnight with shaking. The following day, the culture was transferred into a fresh 
100 ml LB medium and further incubated at 28 
o
C with shaking till OD600 value 
reached approximately 0.8. The Agrobacterium cell pellets were harvested by 
centrifugation at 3,000 rpm for 10 min at room temperature, and resuspended in 
100 ml inoculation medium containing 5 % (w/v) sucrose solution and 0.015 % 
Silwet L-77 (OSi Specialities).  
 
Inflorescences of bolting Arabidopsis were dipped briefly into the inoculation 
medium such that all floral buds were submerged, and gently agitated for 5 to 10 s. 
Plants were then covered with a plastic dome and kept in the dark for 1 – 2 days 
to sustain high humidity for enhancing transformation efficiency. Subsequently, 
the transformed plants were transferred back to normal growth conditions. To 
increase the rate of transformation, the floral dip process was repeated a week 




2.6.4 Selection of transgenic plants 
Seeds of the transformed plants were harvested approximately 3 to 4 
weeks after floral dipping. After the seeds were dried in a 37 
o
C incubator for 2 
days, they were sowed on soil and stratified at 4 P
o
PC for 3 days before transfer to 
normal growth conditions. Approximately 5 days after germination, the putative 
transgenic plants were sprayed with 300 mg/l of the herbicide, Basta® solution 
(Bayer, USA). Plants transformed successfully contain bar gene which can 
provide resistance to Basta®. These plants grew to maturity and were used for 
further analysis. On the contrary, plants that did not harbor any transgene would 
wither and die within two weeks of herbicide application. 
 
2.7 Verification of the genotype of mutant or transgenic plants 
2.7.1 Genomic DNA extraction 
For extraction of genomic DNA, excised leaf tissues from Basta-resistant 
transgenic plant or T-DNA insertion mutant plants were homogenized using 
micropestles in 200 μl of DNA extraction buffer (0.2 M Tris-HCl pH 9, 0.4 M 
LiCl, 25 mM EDTA, 1 % SDS). The cell debris was removed by centrifugation at 
14,000 rpm for 5 min at room temperature and the supernatant was transferred to 
a new microfuge tube containing an equal volume of isopropanol to precipitate 
the genomic DNA. After centrifugation at 14,000 rpm for 10 min, the resulting 
DNA pellet was washed with 400 μl of 70 % ethanol, vortexed briefly and 
centrifuged at 14,000 rpm for 3 min to remove the supernatant before the pellet 
was air-dried. The dried pellet was resuspended in 40 μl of autoclaved water.  
 
2.7.2 PCR Genotyping  
Genotyping was performed by PCR using primers that could distinguish 
transgenic plants from wild-type. For genotyping pGREEN vector-containing 
transgenic plants, a vector-specific primer and a gene-specific primer were used 




For genotyping of SALK T-DNA insertion lines, 2 sets of PCR were carried out. 
In the first PCR reaction, primers specific to the gene of interest that flanked the 
T-DNA insertion site were used.  In the second PCR reaction, a T-DNA specific 
primer and a gene-specific primer were used. As the T-DNA is approximately 4.5 
kb, the first PCR reaction should not generate any PCR product under typical 
PCR running conditions, whereas a wild-type plant should produce PCR band for 
first PCR reaction but not the second reaction. On the contrary, a homozygous 
null mutant should produce PCR band for the second reaction but not the first 
reaction. The detection of PCR bands in both first and second reaction indicated 
that the plants were heterozygous mutants for the gene of interest. Wild-type 
genomic DNA was used as a control to verify successful of PCR.  
 
The general PCR reaction mixture (10 µl) comprised of 5X Green GoTaq® 
Reaction buffer (Promega, USA), 0.2 mM dNTPs, 0.2 µM of each primer, 0.25 U 
of GoTaq® DNA Polymerase (Promega, USA) and 1.5 µl of genomic DNA as 
template, topped up with autoclaved water. The PCR profile consisted of an initial 
denaturation at 95 °C for 2 min, 35 cycles of denaturation at 95 °C for 30 s, 
primer annealing at optimized temperature for 30 s and extension at 72 °C for 30 s, 
followed by a final extension at 72 °C for 5 min. The PCR products were resolved 
and visualized on 1.2 % agarose gel containing SafeView
TM
 DNA Stain (ABM, 
Canada). The primers used for genotyping are listed in Table 3. 
 
2.8 Microarray 
2.8.1 GENEVESTIGATOR public microarray database 
For data-mining using GENEVESTIGATOR on query target, 
Perturbations tool was first used to filter biological conditions that are relevant to 
target. P-value and fold-change were set to 0.05 and 2.0, respectively. Thereafter, 
a heat sample selection was created for the gene of interest and co-expression tool 
was utilized to identify top 100 genes with highest Pearson’s correlation 
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coefficient score. Finally, several putative heat stress responsive genes among the 
100 genes were identified to be correlated with the target gene.  
 
2.8.2 Microarray experiment and data analysis 
Two sets of biologically independent replicates were used. Total RNA (5 
µg) extracted from each sample set (wild-type and j3-1) was prepared with 
A260/280 and A260/230 between 2.0 to 2.2. Thereafter, samples were sent to 
Genomax Technologies for microarray for cDNA synthesis followed by copy 
RNA (cRNA) labeling and fragmentation according to the manufacturer’s 
instructions, using Low Input Quick Amp Labeling Kit (Agilent, USA). 
Fragmented cRNAs were hybridized on the Agilent’s Arabidopsis gene 
expression microarray, 8 X 60 K format. Data generated were input into 
GeneSpring GX 11 software (Agilent, USA) for further analysis. For filtering 
criteria in achieving significant analysis, genes or probes which were above 2-fold 
change versus the control were used. For meta-analysis of the microarray data, 
Microsoft Excel was used to manage and filter array data with the aid of Gene 
Ontology Functional Categorization in TAIR. 
 
2.9 Genetic crossing 
Genetic crossing was carried out to generate different combinations of 
Arabidopsis transgenic plants or mutants in order to study the genetic interaction 
between different genes. 
 
Plants to be used for genetic crossing were grown under long-day conditions as 
described in section 2.1 till they started to flower (4 – 6 weeks old). For the 
recipient (female) plant, the ideal flowers should have petals that were not fully 
open and contained mature, unpollinated carpels with immature anthers. Under a 
dissecting microscope, all the floral organs of the selected recipient flower except 




For the donor (male) plant, the ideal flowers should have fully opened petals with 
visible pollen grains on the anthers. Under the dissecting microscope, these donor 
flowers were removed from the plants and stamens were exposed by squeezing 
the flower base with forceps. The exposed stamens with pollen grains on their 
anthers were brushed gently over the stigmatic surface of the exposed carpel of 
the donor to complete pollination. The plants with the recipient flowers were 
labeled and replaced in the growth chamber to allow for the development of 
siliques. Seeds were collected approximately 2 – 3 weeks after pollination. 
 
2.10 Detection of reporter genes 
2.10.1 Plasmid construction for use in reporter assays 
The gene cloning processes were as described in section 2.5.  The 
plasmids used were pHY107 vector and pGREEN 0229-35S:GFP which contain 
β-glucuronidase (GUS) and green fluorescent protein (GFP) encoding reporter 
genes, respectively.   
 
2.10.2 Whole mount GUS staining in Arabidopsis plants 
Histochemical staining of the GUS reporter transgenic lines was 
performed accordingly with GUS assay (Jefferson et al., 1987) using 5-bromo-4c-
chloro-3-indolyl-beta-D-glucuronic acid (X-Gluc) with some modifications. 
 
The excised transgenic plant tissues were first fixed in 90 % cold acetone on ice 
for 20 min and washed 3 times with rinse solution [0.5 mM NaHPO4 pH 7.2,  0.5 
mM K3Fe (CN) 6, 0.5 mM K4Fe (CN) 6]. Thereafter, the solution was replaced 
with staining solution (rinse solution plus 2 mM X-Gluc) and subjected to vacuum 
infiltration until the plant tissues no longer floated on the surface of the solution 
and then incubated overnight at 37 
o
C. The staining solution was then discarded 
and the plant tissues washed in an ethanol series to remove the chlorophyll for 




2.10.3 Transient expression of GFP in tobacco leaves 
The infiltration method by Sparks et al was used to transiently transform 
3-week-old tobacco (Nicotiana benthamiana) leaves using Agrobacterium with 
some slight modifications (Sparkes et al., 2006).  
 
Firstly, the frozen stock of agrobacteria from -80 
o
C containing GFP construct 
was cultured in a 3 ml LB medium supplemented with appropriate antibiotics for 
overnight. The culture medium was centrifuged at 3,000 rpm for 10 min at room 
temperature to collect the pellet. Thereafter, the pellet was resuspended in 
infiltration solution (10 mm MES, 10 mm MgCl2, 100 M acetosyringone, pH 5.6) 
to give a final solution of OD600 1.0 before incubation for 3 h at room temperature. 
The infiltration medium containing agrobacteria was then infiltrated into the 
abaxial tobacco leaves using a syringe. After infiltration, plants were returned to 
normal growth conditions. Three days after infiltration, the infiltrated spots on the 
tobacco leaves were excised and visualized under Nikon fluorescent microscope 
and LSM510 Meta Zeiss Laser Scanning upright confocal microscope.  
 
2.11 Yeast two-hybrid assay 
The yeast two-hybrid library screening assay was performed using 
Matchmaker
TM
 Gold Yeast Two-Hybrid System (Clontech, USA) whereas the 
yeast two-hybrid interaction assay was carried out using Yeastmaker
TM 
Yeast 
Transformation System 2 (Clontech, USA) according to the manufacturer’s 
instructions. 
 
2.11.1 Plasmid construction for use in yeast two-hybrid assay 
The gene cloning processes were as described in section 2.5.  The 
plasmids used were GBKT7 (BD) and GADT7 (AD) vectors (Clontech, USA), 
which contained the GAL4 DNA binding domain and activation domain, 
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respectively.  Primers used for generation of constructs used in yeast two-hybrid 
assays are listed in Table 3. 
 
2.11.2 Yeast two-hybrid screening 
2.11.2.1 Two-hybrid library screening using Yeast Mating 
To increase transformation efficiency, the two-hybrid library screening 
was performed via sequential transformation of the Bait plasmid and cDNA 
library. Yeast strain Y2H Gold was used for the bait whereas strain Y187 was 
utilized for the cDNA library.   
 
The bait plasmid (GBKT7 + Bait) was transformed into Y2H Gold strain and 
grown on SD/-Trp agar plate (Clontech, USA) for 48 h at 30 
o
C. After incubation, 
one fresh, large (2 – 3 mm) colony of the bait strain [Y2H Gold (GBKT7 + Bait)] 
was inoculated into 50 ml SD/-Trp liquid medium and incubated with shaking 
(250 – 270 rpm) overnight at 30 oC until OD600 reached 0.8. Subsequently, the 
yeast cells were harvested via centrifugation at 1,000 g for 5 min at room 
temperature. After the supernatant was discarded, the pellet was resuspended in 4 
– 5 ml SD/-Trp liquid medium.  
 
An aliquot of the library strain from -80 
o
C storage was thawed at room 
temperature and 200 µl of the library strain were mixed with 4 – 5 ml of the bait 
strain in a sterile 2 L volumetric flask. A volume of 45 ml of 2X YPDA liquid 
medium supplemented with 50 µg/ml kanamycin was further added into the flask 
and the combined yeast bait and library strain were incubated at 30 
o
C for 20 – 24 
h with slow shaking (30 – 50 rpm) to improve mating efficiency. After 20 h of 
incubation, a drop of the yeast culture was visualized under a Nikon fluorescent 
microscope to check for the presence of zygote formation which indicated 
successful mating. Once verified, the yeast cells were harvested by centrifugation 
at 1,000 g for 10 min at room temperature. Subsequently, the harvested pellet was 
resuspended in 4 ml 0.9 % NaCl solution and 10 µl of cell suspension were 
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removed and diluted 10, 100 and 1,000-fold and spread over SD/-Trp/-Leu agar 
medium to determine the number of clones screened. The rest of the cell 
suspension was spread over SD/-Trp/-Leu/-His agar medium supplemented with 
50 µg/ml kanamycin and 30 mM 3-AT to reduce growth of false positive colonies. 
The plates were incubated at 30 
o
C for 3 – 5 days before observation.  
 
2.11.2.2 PCR screening for putative yeast colonies 
To identify the putative interacting proteins, inserts in the AD-plasmids 
harbored by the surviving yeast colonies were determined by PCR amplification 
and sequencing. Firstly, the yeast colonies were dissolved in 6 µl sterile water and 
subjected to three freeze-thaw cycles in liquid nitrogen and a 65 
o
C oven. 
Subsequently, 1 µl of the yeast cell suspension was used as template for PCR 
amplification with AD seqF and AD seqR primers (Table 3).  
 
The general PCR reaction mixture (10 µl) comprised of 5X Green GoTaq® 
Reaction buffer (Promega, USA), 0.2 mM dNTPs, 0.2 µM of each primer, 0.25 U 
of GoTaq® DNA Polymerase (Promega, USA) and 0.5 µl of diluted cDNA 
template, topped up with autoclaved water. The PCR profile consisted of an initial 
denaturation at 95 °C for 10 min, 39 cycles of denaturation at 95 °C for 30 s, 
primer annealing at optimized temperature for 30 s and extension at 72 °C for 1.5 
min, followed by a final extension at 72 °C for 5 min. An aliquot of the PCR 
products were resolved electrophoretically and visualized on 1.2 % agarose gel 
containing SafeView
TM
 DNA Stain (ABM, Canada). PCR products that produced 
a single band were purified and sequenced using AD seqF and AD seqR primers 




2.11.3 Yeast two-hybrid interaction assay 
2.11.3.1 Preparation of yeast competent cells for transformation 
Yeast strain AH109 was employed in this yeast two-hybrid assay. The 
stock of AH109 stored in -80 
o
C was thawed on ice and streaked on YPDA agar 
medium [20 g/l difco peptone, 10 g/l yeast extract, 2 % glucose, 20 g/l yeast agar 
and 0.003 % (w/v) adenine hemisulfate]. After incubation at 30 
o
C for 2 – 3 days, 
a single AH109 colony with a diameter 2 – 3 mm was inoculated into 50 ml of 
YPDA liquid medium and further incubated at 30 
o
C with shaking until OD600 
reached 0.15 – 0.3. The yeast culture medium was then centrifuged at 2,000 rpm 
for 5 min at room temperature. After the supernatant was discarded, the yeast 
pellet was resuspended in 100 ml fresh YPDA liquid medium and incubated 
further with shaking for another 3 – 5 hours till OD600 reached 0.5. Subsequently, 
the yeast pellet was harvested via centrifugation using the same conditions 
mentioned and resuspended in 60 ml of sterile water. After another round of 
centrifugation, the cells were resuspended in 3 ml of 1.1X TE/LiAc solution. The 
cell suspension was divided into two microfuge tubes and centrifuged at 14,000 
rpm for 30 s at room temperature. Each pellet was resuspended in 600 µl of 1.1X 
TE/LiAc solution and the resulting competent cells could be used for 
transformation immediately or kept at room temperature for several hours without 
losing their activities. 
 
2.11.3.2 Yeast transformation 
Co-transformation of BD and AD vectors was performed by mixing 800 
ng of the BD and AD constructs each, together with 5 µl of denatured Herring 
Testes Carrier DNA (Clontech, USA) in a sterile, pre-chilled 1.5 ml microfuge 
tube. Prior to the above procedure, the Herring Testes Carrier DNA was prepared 
by denaturation for 5 min at 100 
o
C, followed by chilling immediately on ice 




A volume of 50 µl of yeast competent cells was added to each tube of plasmid 
and Carrier DNA mixture, and the tubes were gently vortexed. Subsequently, 0.5 
ml PEG/LiAc solution were added into each tube and mixed thoroughly by gentle 
vortexing and incubated for 30 min at 30 
o
C. After incubation, 20 µl of DMSO 
were added into each tube and mixed thoroughly before heat shock at 42 
o
C for 15 
min. Thereafter, the cells were harvested via centrifugation at 14,000 rpm for 30 s 
at room temperature. The supernatant was discarded and the pellet was washed 
with 1 ml of 0.9 % NaCl (w/v) and centrifuged again with the same parameter to 
harvest the yeast pellet. Lastly, the cells were resuspended in 60 µl of 0.9 % NaCl 
(w/v) and divided into three equal portions, and plated on SD/-Trp/-Leu, SD/-
Trp/-Leu/His and SD/-Trp/-Leu/His/-Ade agar medium respectively. The plates 
were incubated at 30 
o
C for 3 – 4 days to allow growth of the yeast colonies. 
 
2.12 Imaging 
2.12.1 Confocal microscopy 
Sub-cellular localization of GFP-tagged proteins in this study were imaged 
by Zeiss Laser Scanning upright confocal microscope LSM 510 Meta (Carl Zeiss, 
Germany). 
. 
2.12.2 Light microscopy 
Specimen images analyzed in this study were visualized using SMZ 1500 
stereomicroscope (Nikon, Japan) and stereomicroscope images were captured by 
a digital camera mounted on the SMZ 1500. Additionally, Eclipse 80i microscope 
(Nikon, Japan) was used to digitally visualize GFP signals before the specimens 
were viewed under confocal microscopy for detailed imaging. An EOS 500D 
DSLR camera (Canon, Japan) was also employed to digitally capture images of 




2.13 Bioinformatics tools 
Several bioinformatics programs were used in this study for various 
analyses such as sequence alignment, phylogenetic analysis, primer design, and 
for predicting expression pattern and sub-cellular localization. Bioinformatics 
tools used in this study are listed in Table 4. 
 
2.14 Graphics software 
Several graphics software were employed in this study. Adobe Photoshop 
CS5 or CS6 software were used to process all original figures presented in this 
study. Java-based image processing software ImageJ was used for analyzing the 




Table 4: List of open-source bioinformatics software used in this study. 
 
Web-based software Purpose 
Arabidopsis eFP browser 
http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi 
Prediction of gene 




Shading of multiple 
alignment sequences 
Clustal Omega  
http://www.clustal.org/omega/ 
Multiple sequence 
alignment for proteins 
ExPASY 
http://web.expasy.org/translate/ 
Translation of nucleotide 




Extraction of information on 
co-regulated genes 
NCBI BLAST  
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Web
&PAGE_TYPE=BlastHome 
Comparing nucleotide or 
protein sequence of query 
Needle (EMBOSS) 
http://www.ebi.ac.uk/Tools/psa/emboss_needle/ 












Generation of reverse 





Extraction of information 
from a database of genetic 
and molecular data 
TAIR BLAST  
http://www.arabidopsis.org/Blast/index.jsp 
Comparing nucleotide or 
protein sequence of query 
TAIR GO Annotation 
http://www.arabidopsis.org/tools/bulk/go/index.jsp 
Analysis of microarray data 
T-DNA Express 
http://signal.salk.edu/cgi-bin/tdnaexpress 
Gene mapping of T-DNA 




























3.1 J2, like its homolog J3, is a highly conserved J-protein  
J2 (At5g22060) coding region and genomic DNA were isolated from 
Arabidopsis cDNA and DNA, respectively. The J2 cDNA is 1,565 base pairs (bp) 
long and comprises a 1,260 bp open reading frame (ORF) that encodes a protein 
419 amino acid residues long, with an estimated molecular weight of 46 kDa. The 
nucleotide and the corresponding amino acid sequence of J2 are shown in Figure 
6. The full length genomic sequence of J2, which maps on chromosome 5, is 
2,176 bp long and consists of the 5’ untranslated region (UTR), 5 exons, 4 introns 
and the 3’ UTR (Figure 7) on the reverse strand. 
 
There are 120 J-proteins members in Arabidopsis; which are divided into 4 
different types (Figure 2B). Like its homolog J3, J2 encodes a Type I DnaJ heat 
shock protein, which consists of a canonical conserved J-domain in the N-
terminus, followed by a glycine/phenylalanine (G/F) rich domain, a Type I 
CXXCXGXG zinc finger domain, and a less-conserved C-terminal domain 
(Figure 2B) (Zhou et al., 1995; Rajan & D'Silva, 2009).  
 
J2 shares the highest sequence similarity to its homolog J3 among the 120 J-
protein found in Arabidopsis (Figure 8). From the pairwise global alignment 
performed using Needleman-Wunsch algorithm with gap-opening penalty of 10 
and extension penalty of 0.5, J2 exhibits 95.7 % amino acid similarity and 90.8 % 
identity to J3 (Figure 9). Multiple sequence comparison revealed that the J-
domains of J2 and J3 homologs are highly conserved across eukaryotic organisms 
such as human, chimpanzee, dog, chicken, zebrafish, yeast and especially so for 
rice (Figure 10). Additionally, the G/F region, Type I zinc finger and C-terminal 





Figure 6: Nucleotide sequence of the J2 open reading frame and its 
corresponding amino acid sequence. 







Figure 7: Schematic representation of the J2 genomic DNA. 
The J2 genomic sequence is 2,176 bp long and consists of 5 exons and 4 introns. 
Exons are represented by white boxes and black introns by lines. Grey boxes 







Figure 8: J2 and J3 are closely related to each other among the Type I and II 
J-proteins in Arabidopsis. 
The scale bar (0.5) represents the number of amino acid residue substitutions. 
Standard nomenclature was used to represent the Type I and II J-proteins where 
At means Arabidopsis thaliana, Dj means DnaJ and A or B refers to Type I or 
Type II. Alternative names followed behind their standard nomenclature naming 









J2           1 MFGRGPSRKSDNTKFYEILGVPKTAAPEDLKKAYKKAAIKNHPDKGGDPE     50 
               |||||||:|||||||||||||||:|:|||||||||||||||||||||||| 
J3           1 MFGRGPSKKSDNTKFYEILGVPKSASPEDLKKAYKKAAIKNHPDKGGDPE     50 
 
J2          51 KFKELAQAYEVLSDPEKREIYDQYGEDALKEGMGGGGGGHDPFDIFSSFF    100 
               |||||||||||||||||||||||||||||||||||||||||||||||||| 
J3          51 KFKELAQAYEVLSDPEKREIYDQYGEDALKEGMGGGGGGHDPFDIFSSFF    100 
 
J2         101 GSGGHPFGSH-SRGRRQRRGEDVVHPLKVSLEDVYLGTTKKLSLSRKALC    149 
               |.|  |||.: ||.||||||||||||||||||||||||.|||||||.||| 
J3         101 GGG--PFGGNTSRQRRQRRGEDVVHPLKVSLEDVYLGTMKKLSLSRNALC    148 
 
J2         150 SKCNGKGSKSGASMKCGGCQGSGMKISIRQFGPGMMQQVQHACNDCKGTG    199 
               |||||||||||||:|||||||||||:||||.||||:||:|||||:||||| 
J3         149 SKCNGKGSKSGASLKCGGCQGSGMKVSIRQLGPGMIQQMQHACNECKGTG    198 
 
J2         200 ETINDRDRCPQCKGEKVVSEKKVLEVNVEKGMQHNQKITFSGQADEAPDT    249 
               ||||||||||||||:||:.|||||||||||||||:|||||.||||||||| 
J3         199 ETINDRDRCPQCKGDKVIPEKKVLEVNVEKGMQHSQKITFEGQADEAPDT    248 
 
J2         250 VTGDIVFVIQQKEHPKFKRKGEDLFVEHTISLTEALCGFQFVLTHLDKRQ    299 
               ||||||||:||||||||||||||||||||:|||||||||||||||||.|. 
J3         249 VTGDIVFVLQQKEHPKFKRKGEDLFVEHTLSLTEALCGFQFVLTHLDGRS    298 
 
J2         300 LLIKSKPGEVVKPDSYKAISDEGMPIYQRPFMKGKLYIHFTVEFPESLSP    349 
               |||||.|||||||||||||||||||||||||||||||||||||||:|||| 
J3         299 LLIKSNPGEVVKPDSYKAISDEGMPIYQRPFMKGKLYIHFTVEFPDSLSP    348 
  
J2         350 DQTKAIEAVLPKPTKAAISDMEIDDCEETTLHDVNIEDEMKRKAQAQREA    399 
               |||||:|||||||:.|.:||||||:|||||||||||||||:||||||||| 
J3         349 DQTKALEAVLPKPSTAQLSDMEIDECEETTLHDVNIEDEMRRKAQAQREA    398 
 
J2         400 YDDDEE--DHPGGAQRVQCAQQ    419 
               ||||:|  |||||||||||||| 
J3         399 YDDDDEDDDHPGGAQRVQCAQQ    420 
 
Figure 9: Pairwise alignment of J2 and J3 amino acid sequence.  
Symbols “:” refers to conserved substitutions whereas “.” refers to semi-








Figure 10: The amino acid sequences of J2 and J3 are highly conserved in 
other eukaryotic organisms. 
Multiple sequence alignment of J2 and J3 from Arabidopsis with J2 homologs 
from human, chimpanzee, dog, chicken, zebrafish, yeast and rice was performed 
using Clustal Omega 1.1.0. NCBI accession numbers are NP_568412.1 (J2), 
NP_189997.1 (J3), NP_00587.1 (human), XP_528644.3 (chimpanzee), 
XP_535319.4 (dog), NP_001005841.1 (chicken), NP_997830.1 (zebrafish), 
NP_014335.1 (yeast) and NP_001050779.1 (rice). Conserved amino acid residues 
are displayed in black whereas similar residues are shown in gray. The regions 
encoding the J-domain, G/F domain, Type I zinc finger and C-terminal domain 
are indicated by lines above the residues. Shading of the residues was carried out 




biological function of J2 and J3 might be conserved across organisms, particularly 
within plant kingdom as observed from the higher degree of conservation of 
protein sequence in rice.  
 
3.2 J2 is highly expressed throughout Arabidopsis development 
3.2.1 Spatial expression of J2 transcripts 
As a step towards determining the biological functions of J2, we 
investigated its temporal and spatial expression patterns during Arabidopsis 
development. For examination of the tissue expression pattern of J2, quantitative 
real-time PCR was performed using total RNA extracted from various parts of 6-
week-old wild-type seedlings grown in soil (Figure 11). J2 was ubiquitously 
expressed in all the tissues examined, including roots, seedlings, rosette leaves, 
cauline leaves, flower buds, open flowers, stems and siliques, though the 
endogenous expression of J2 was lower in flower organs. This spatial expression 
pattern of J2 analyzed by real-time PCR is similar to the tissue expression pattern 
of its homolog J3 which was previously described (Shen et al., 2011).  
 
To further investigate the detailed tissue-specific expression pattern of J2 in 
Arabidopsis development, we created a J2:β-glucuronidase (GUS) reporter 
construct by translational fusion of a 4.08 kb J2 genomic fragment with the GUS 
reporter gene (Figure 5). Among the 55 independent transformants harbouring 
gJ2:GUS, 38 lines displayed similar GUS staining patterns and one representative 
line was selected for detailed analysis. Histochemical staining of J2:GUS 
transgenic plants displayed strong GUS signals in most developmental stages 
examined, including seedlings, roots, rosette leaves, cauline leaves, inflorescence, 
open flowers, stems and siliques (Figure 12). In seedlings, GUS signals were seen 
in the hypocotyl and root but not in cotyledons (Figure 12A, B). Stronger GUS 
activities were found at the cell elongation zone of the root (Figure 12B). In 
rosette and cauline leaves, GUS signals were observed throughout the entire 




Figure 11: Tissue-specific expression of J2 in various organs of Arabidopsis 
determined by quantitative real-time PCR. 
Expression of J2 in various organs of 6-week-old wild-type plants was analyzed 
by quantitative real-time PCR. Results were normalized against the expression 
level of TUB2. Each sample was tested in triplicate and data represent the means. 





Figure 12: Tissue-specific expression of J2 in various plant organs examined 
by GUS staining. 
Representative GUS staining of J2:GUS transgenic plants shows J2 expression in 
a (A) 3-day-old seedling, (B) a primary root, (C) a rosette leaf, (D) a cauline leaf, 
(E) an inflorescence, (F) an open flower, (G) a stem, and (H) a silique. Bars = 





system of each rosette leaf (Figure 12C, D). In the inflorescence, GUS activity 
was mainly expressed in immature sepals of unripe flowers (Figure 12E). In open 
flowers, the intensity of GUS signals in sepals was lower compared to the 
filaments. Notably, GUS staining was not observed in pistils in both inflorescence 
and open flowers (Figure 12E, F). The expression pattern from GUS assay is 
consistent with the results from real-time PCR. Additionally, the results of 
expression pattern from both experiments were also consistent with the data (data 
not shown) in Arabidopsis electronic fluorescent pictograph (eFP) Browser 
(Winter et al., 2007). Taken together, the data suggests that J2 expression is not 
organ- or tissue-specific but is distributed throughout most vegetative and 
reproductive tissues and organs. 
 
3.2.2 Subcellular localization of J2 
To determine the subcellular localization of J2 protein, the green 
fluorescent protein (GFP) was fused to the C-terminus of J2 under the control of 
the 35S promoter. The 35S:J2-GFP together with 35S:GFP control constructs 
were introduced into tobacco (Nicotiana tabacum) epidermal cells by infiltration 
and the localization of the fusion protein was analyzed by confocal microscopy. 
J2-GFP signals were detected in the cytoplasm, nucleus and plasma membrane 
(Figure 13A, D), similar to the pattern observed for the control GFP (Figure 13E, 
H). The observed protein localization of J2 implies that J2 may exert its function 
in multiple cell organelles. Furthermore, the subcellular localization of J2 is 
consistent with the localization patterns observed in a previous study for J3. (Shen 
et al., 2011). Taken together, our GUS and protein localization results suggest 
overlapping mRNA and protein expression patterns between J2 and J3. 
 
3.3 J2 and J3 are mainly upregulated by sublethal heat stress 
From the publicly available AtGenExpress microarray database, 
Arabidopsis eFP browser showed that J2 and J3 are induced strongly by heat 





Figure 13: Subcellular localization of J2. 
(A to D) Subcellular localization of J2-GFP in tobacco leaves. GFP localization 
of 35S:J2-GFP, together with its DAPI staining, brightfield image and merged 
image were displayed in A, B, C and D, respectively. (E to H) GFP localization 
of 35S:GFP control, together with its DAPI staining, brightfield image and 
merged image were displayed in E, F, G and H, respectively. Bars = 20 µm. 
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the eFP browser, quantitative real-time PCR was used to monitor the expression 
level of J2 and J3 along a time course for cold, heat, salt and drought stresses. 
Seven-day-old wild-type seedlings grown in MS medium were subjected to the 
different stress treatments. Quantitative real-time PCR was subsequently 
performed using the total RNA extracted after stress treatments. Among all the 
abiotic stresses, heat stress led to elevated expressions of J2 and J3, although 
transcript levels differed between these two homologs. During HS, J2 expression 
rapidly increased (an average of 2.5-fold) within 1 h, after which it remained 
almost constant until the end of 8 h experimental period (Figure 14A). Similarly, 
J3 expression increased rapidly by an average of 4-fold at 1h after HS treatment, 
and thereafter it increased very gradually until 8 h (Figure 14B). Although both 
homologs displayed significant upregulation, it was clearly observed that J3 
exhibited a larger fold change in transcript level than J2 upon HS, suggesting that 
J3 was induced more strongly than J2 during HS. J2 and J3 mRNA levels also 
showed slight upregulation upon salinity stress towards the end of the 8 h 
experiment but displayed little fluctuation upon induction of cold and drought 
stresses (Figure 14A, B). These results suggested that the J2 and J3 are 
specifically induced by heat stress, responsive to salinity to a small extent and not 
responsive to other abiotic stresses examined. Controls were in place to ensure 
that the stress treatments were carried out successfully. HsfB1 and KIN1 were 
used as stress markers for HS and cold stress experiment, respectively (Figure 
15A, B), while Responsive to ABA 18 (RAB18) was used as a stress marker for 
both drought and salinity stress experiments (Figure 15C, D). 
 
To gain an insight into the temperatures at which J2 and J3 would be highly 
induced for ease of future experiments, the expression level of these transcripts 
was analysed by subjecting 7-day-old wild-type seedlings grown in MS medium 






C and 50 
o
C for 1 h. 
Quantitative real-time PCR was performed using the total RNA extracted after the 
different temperature treatments. The results demonstrated that the highest 
expression level of J2 was induced upon heat exposure to 37 
o






Figure 14: J2 and J3 are upregulated by heat. 
Expression analyses of (A) J2 and (B) J3 under different abiotic stresses 
determined by quantitative real-time PCR. Treatment with cold (4 
o
C), heat (42 
o
C), salt (NaCl) and drought, together with control sample (23 
o
C). Results were 
normalized against the expression level of TUB2. Each sample was tested in 





Figure 15: Expression analyses of marker genes in their respective abiotic 
stresses. 
(A to D) Expression analyses of different marker genes under different abiotic 
stresses by quantitative real-time PCR. (A) HsfB1 was used as marker gene for 
heat stress samples. (B) KIN1 was used as marker gene for cold stress sample. (C 
and D) RAB18 was used as marker gene for drought and salt stress samples. 
Results were normalized against the expression level of TUB2. Each sample was 





12-fold) followed by 30 
o
C (an average of 3.1-fold) and 44 
o
C (an average of 1.6-
fold) (Figure 16A). Similarly, J3 transcript level was also found to be induced 
most strongly upon 37 
o
C treatment (an average of 19-fold) followed by 30 
o
C (an 
average of 6.5-fold) and 44 
o
C (an average of 3.8-fold) (Figure 16B). Across the 
different temperatures tested, the fold-induction of J2 was always lower than that 
of J3. On the contrary, no induction of J2 and J3 transcripts were detected at the 
control temperature of 23 
o
C nor at the extreme HS temperature of 50 
o
C. HsfB1, 
which was used as the HS gene marker for this heat responsive assay, showed a 
similar induction pattern. From the results of this experiment, mild heat stress at 
37 
o
C, which resulted in the highest fold-change for both J2 and J3 transcripts as 
well as the marker gene HsfB1, was chosen as the temperature to study the 
expression of heat-responsive genes induced during acquired thermotolerance 
later in our study. 
 
3.4 Expression patterns of J2 and J3 under sublethal heat stress 
To investigate how the heat-inducible J2 and J3 transcripts would 
response during HS conditions, we analyzed their expression levels by subjecting 
7-day-old wild-type seedlings grown on MS medium to prolonged heat treatment 
at 37 
o
C for a period of 0, 1, 2, 4, 6 and 8 h. Quantitative real-time PCR was 
performed using the total RNA extracted from seedlings subjected to the different 
periods of heat treatment. As observed from Figure 17A, the transcript level of J2 
was induced rapidly and reached a maximum level (an average of 7.7-fold change) 
at 1 h of mild HS at 37 
o
C. Subsequently, the expression declined to an average of 
5.4-fold of the basal transcript level at 23 
o
C and maintained until 8 h. Likewise, 
the transcript level of J3 also increased rapidly and reached its peak expression 
with an average of 13-fold at 1 h upon mild HS (Figure 17B). The J3 expression 
then declined gradually during the course of heat treatment till 6 h where it 
remained constant with an average of 7.4-fold change. The changes in expression 
pattern of both genes were therefore similar during treatment, but the magnitude 






Figure 16: Expression analyses of J2 and J3 at different temperatures. 
Quantitative real-time PCR analyses of transcript level of (A) J2 and (B) J3, 
together with (C) the marker gene in wild-type seedling treated for 1 h at different 
incubating temperatures. Results were normalized against the expression level of 
TUB2 and the control sample at 23 
o
C was set with “fold-change = 1” for each 
incubating temperature tested. Each sample was tested in triplicate and data 







Figure 17: Temporal expression patterns of J2 and J3 under heat stress. 
Quantitative real-time PCR analyses of transcript levels of (A) J2 (B) J3 (C) 
HsfB1 and (D) semi quantitative RT-PCR analysis of transcript levels of J2 and 
J3 during heat treatment of wild-type plants at 37 
o
C for 0, 1, 2, 4, 6 and 8 h. 
HsfB1 was used as marker gene for the heat stress time course sample. Results for 
real-time PCR were normalized against the expression level of TUB2. Each 
sample was tested in triplicate and data represent the means. Error bars denote 






used as the HS gene marker for this prolonged heat treatment assay (Figure 17C). 
Semi-quantitative RT-PCR was also employed to investigate the expression 
patterns of J2 and J3 transcripts during prolonged heat treatment (Figure 17D). As 
observed in the figure, J2 and J3 increased shortly upon heat treatment and 
displayed trends of decreased expression before remaining more or less 
unchanged during further heat incubation. We also further determined the 
expression level of J2 and J3 under prolonged heat treatment at 44 
o
C to ensure 
that 37 
o
C was the most effective inductive temperature. Consistent with our 
previous finding, treatment at 37 
o
C provided a better correlation with expressions 
of HS-inducible genes during acquired thermotolerance as the transcript levels for 
time course detection of J2 and J3 at 44 
o
C did not appear to have a discernible 
trend but fluctuated widely (data not shown). 
 
To further verify whether J2 and J3 expression are HS-dependent, we also 
determined their expression patterns by subjecting 7-day-old wild-type seedlings 
grown in MS medium to 1 h of mild HS at 37 
o
C before allowing the plants to 
recover from HS at 23 
o
C. Quantitative real-time PCR was subsequently 
performed using the total RNA from different durations of recovery. At point 0 h 
of recovery time, both J2 and J3 transcripts were rapidly induced by heat with an 
average fold change of 14- and 19-fold, respectively (Figure 18A, B), which was 
in line with the prolonged heat treatment data that showed expression of J3 
induced more strongly than that of J2 (Figure 17A, B). However, after 1 h of 
recovery from the mild HS, we observed that the fold change of both J2 and J3 
transcripts dropped to approximately half of the maximal fold-change. Both J2 
and J3 expressions then continuously declined until they returned to their basal 
expression levels at 8 h (Figure 18A, B). Using semi-quantitative RT-PCR, we 
also demonstrated the same transient upregulation of J2 and J3 transcripts and the 
trend of decreasing expression back to basal level (Figure 18D). HsfB1 was 
similarly used as the HS gene marker for this HS and recovery duration assay. 
Thus, our data suggested that J2 and J3 are indeed induced by heat and that the 






Figure 18: Temporal expression patterns of J2 and J3 under post heat stress 
recovery. 
Quantitative real-time PCR analyses of transcript levels of (A) J2 (B) J3 (C) 
HsfB1 and (D) semi quantitative RT-PCR analysis of transcript levels of J2 and 
J3 during recovery at 0, 1, 2, 4 and 8 h after wild-type seedlings were subjected to 
heat treatment at 37 
o
C for 1 h. (C) HsfB1 was used as marker gene for the heat 
stress time course sample. Results for real-time PCR were normalized against the 
expression level of TUB2. Each sample was tested in triplicate and data represents 
the mean. Error bars denote standard deviation. TUB2 was amplified as internal 
control for semi-quantitative RT-PCR. CK refers to control sample that did not 




3.5 Genetic characterization of J2  
3.5.1 j2-1 mutants shows no developmental defects under physiological 
conditions 
To dissect the biological function of J2 and J3, we obtained T-DNA 
insertion mutants of both J2 and J3 genes from the SALK Institute Genomic 
Analysis Laboratory. We have previously identified two single T-DNA insertion 
lines for J3, designated as j3-1 (SALK_132923) and j3-2 (SALK_141625) (Shen 
et al., 2011). In this study, we identified a T-DNA insertion mutant for J2 and 
designate it as j2-1 (SALK_071563C). As shown in Figure 19A, the T-DNA in 
j2-1 allele is inserted into the first intron of the J2 genomic region. Analysis by 
semi-quantitative RT-PCR revealed that expression of J2 was not detected in j2-1 
mutant, indicating that it is a null allele of J2 (Figure 19B). As we have 
previously demonstrated that J3 is involved in the regulation of flowering time 
network and that loss of function of J3 delays flowering, we are interested to find 
out whether loss of function of its homolog J2 also confers similar late flowering 
phenotype. Thus, these mutants were grown on soil and their rosette leaf number 
during bolting, an indication of flowering time, was determined. As shown in 
Figure 20A and B, j2-1 displayed similar flowering time as that of wild-type 
whereas j3-1 flowered later under long day conditions. Under normal growth 
conditions, j2-1 mutant also did not show other obvious phenotypic defects, 
suggesting that J2 is probably not involved in any developmental pathway in 
Arabidopsis under physiological environment. 
 
3.5.2 Simultaneous disruption of both J2 and J3 genes in a single plant is 
lethal 
Since J2 appeared to be a functionally redundant gene of J3 based on their 
overlapping expression patterns, its weaker heat-associated phenotypes and heat-
induced transcript level, we tried to generate a double mutant by crossing j2-1 and 
j3-1 or j2-1 and j3-2 homozygous mutants. Progeny from these manually 







Figure 19: j2-1 is a null mutant. 
Schematic diagram indicating the site of T-DNA insertion in j2-1 (SALK_071563) 
(A) Exons are represented by black boxes, while introns are represented by white 
boxes. Grey boxes represent the untranslated regions. (B) Semi-quantitative RT-
PCR showed that J2 transcript was undetectable in j2-1 mutant. TUB2 was 





Figure 20: J2 does not mediate flowering time. 
(A) j2-1 does not display late-flowering phenotype, which was observed in the 
mutant of its homolog, j3-1, under long day conditions. Bar = 1 cm. (B) 
Flowering time of j2-1, j3-1 and j3-2 under long day conditions. Values were 
scored from at least 15 plants of each genotype. Mean values of rosette leaf 
number are indicated at the top of the bars. Error bars denote standard deviation. 
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type alleles. As shown in Table 5, which shows the results from the crossing of 
different combinations of J2 and J3 mutants, a homozygous double mutant was 
never recovered in the progeny, despite genotyping 100 plants of the F1 
generation. These results suggest that the double mutation was lethal at certain 
point during gametogenesis or embryogenesis.  
 
3.6 J2 and J3 are required for acquired thermotolerance 
3.6.1 j2-1,  j3-1 and j3-2 mutants display a weak heat-sensitivity phenotype in 
acquired thermotolerance 
To study the significance of heat induction of J2 and J3, we first 
determined the thermotolerance level of their mutants. It has been reported that 
mild HS enhances the subsequent thermotolerance to higher HS temperatures, and 
this effect is referred to as acquired thermotolerance (Larkindale et al., 2005; 
Mittler et al., 2012). Thus, we assessed the effect of J2 and J3 knockout mutants 
on acquired thermotolerance to study the significance of heat induction of both J2 
and J3. Seedlings were subjected to mild HS at 37 
o
C for 30 min as a conditioning 
treatment. They were then allowed to recover for 2 h at 23 
o
C before exposure to 
44 
o
C for 220 min. The survival rate of seedlings after HS was compared between 
wild-type and mutants 7 days after the HS treatment (Figure 21A, B). The j2-1 
(43.3 %), j3-1 (34.9 %) and j3-2 (32.5 %) mutants exhibited slightly lower degree 
of acquired thermotolerance compared to wild-type seedlings (55.5 %) as 
demonstrated by their lower survival rates. Comparing the two homologs, it was 
observed that j2-1 mutant displayed a marginally higher degree of acquired 
thermotolerance. As seen from Figure 21C, the reduced survival rate of the 
seedlings clearly demonstrated that both J2 and J3 are needed for acquired 
thermotolerance. In addition, j3 mutants are more susceptible to HS, suggesting 


















Table 5: Plant lines segregating j2 and j3 mutant alleles failed to produce 
homozygous double mutants. 
 










J2 / j2-1 
J3 / j3-1 
 
111 0 7 
J2 / j2-1 
J3 / j3-2 








Figure 21: j2 and j3 mutants show reduced acquired thermotolerance to heat 
stress. 
(A, B) Acquired thermotolerance of wild-type, j2-1, j3-1 and j3-2 seedlings. 
Seven-day-old seedlings grown at 23 
o
C were subjected to 37 
o
C for 30 min, 
returned to 23 
o
C for 2 h then subjected to 44 
o
C for 220 min. Plants were 
photographed 7 days after heat treatment. (C) Thermotolerance was estimated as 
survival rate (%) at 7 days after heat treatment. Data is the average from at least 
three independent experiments. Error bars denote standard deviation. 
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3.6.2 Altered levels of J3 expression regulate acquired thermotolerance 
during heat shock 
To confirm that the phenotype of j3 mutants observed in acquired 
thermotolerance was due to loss of J3 function, we performed complementation 
analysis using previously established T3 homozygous transgenic j3-1 plants 
harbouring a 4.1-kb J3 genomic region that includes a 2.2 kb upstream sequence, 
1.9-kb full coding sequence including introns and a 4HA-tagging motif (Figure 5). 
The rescue of acquired thermotolerance in the complemented j3-1 mutants was 
confirmed by calculation of the survival rate after similar HS treatment as 
described above. As shown in Figure 22A, the survival rate of the mutants 
complemented with J3 genomic fragment (43.8 %) was between the survival rate 
of the j3 mutant (34.9 %) and wild-type seedlings (55.5 %). This partial rescue 
phenotypes observed suggested that the defects shown in j3 mutants in acquired 
thermotolerance is indeed attributed to the loss of J3 function.   
 
To further confirm the role of J3 in acquired thermotolerance, we used transgenic 
plants overexpressing J3 for the same heat treatment assay. As shown in Figure 
22B, the survival rate of 35S:J3 transgenic plants (65.2 %) was higher than wild-
type seedlings (55.5 %). Taken together, our results strongly support the role of J3 
as a positive regulator of acquired thermotolerance. 
 
3.6.3 J2 and J3 positively regulate heat shock responsive genes upon mild 
heat stress 
Hsps are induced by HS and play important roles in acquisition of 
thermotolerance by plants. To explain the underlying molecular events and roles 
of J2 and J3 in acquired thermotolerance, we first identified putative HS-
responsive genes whose expressions are positively correlated to our genes of 
interest, J2 and J3, during heat stress via the web-browser data mining tool 
GENEVESTIGATOR database (Zimmermann et al., 2004), which is publicly 








Figure 22: Modulation of J3 transcripts alters acquired thermotolerance of 
plant to heat stress. 
(A) Expression of J3 in j3-1 mutants partially suppressed the acquired 
thermotolerance phenotype of j3-1 mutants. (B) Transgenic plants overexpressing 
J3 exhibited decreased acquired thermotolerance. Seven-day-old seedlings grown 
at 23 
o
C were subjected to 37 
o
C for 30 min, returned to 23 
o
C for 2 h, then 
subjected to 44 
o
C for 220 min. Plants were photographed 7 days after heat 
treatment. Thermotolerance was estimated as survival rate (%) at 7 days after heat 














Table 6: List of most positively correlated heat shock responsive genes 
among the top 100 return hits for target gene AT5G22060 (J2). 
 
Ranking No.  Gene Score Description 
1 AT3G44110 0.81 J3 
2 AT5G02490 0.78 Hsp70-2* 
4 AT3G09440 0.75 Hsp70-3* 
8 AT5G52640 0.72 Hsp81-1 (Hsp90-1)* 
11 AT5G09590 0.69 Mitochondrial HSO70-2 (Hsp70-10)* 
13 AT1G77920 0.68 Hsp70-15* 
19 AT5G56010 0.73 Hsp81-3 (Hsp90-3)* 
23 AT5G56030 0.65 Hsp81-2 (Hsp90-2)* 
24 AT2G20560 0.65 DNAJ family protein* 
26 AT3G12580 0.64 Hsp70 (Hsp70-4)* 
28 AT3G08970 0.64 ATERDJ3A* 
41 AT5G51440 0.61 23.5-kD Hsp* 
43 AT1G74310 0.60 Hsp101* 
44 AT2G26150 0.59 HsfA2* 











Table 7: List of most positively correlated heat shock responsive genes 
among the top 100 return hits for target gene AT3G44110 (J3). 
 
Ranking No. Gene Score Description 
2 AT5G22060 0.81 DNAJ homologue 2 
3 AT1G77920 0.78 Hsp70-15* 
6 AT5G09590 0.77 Mitochondrial HSO70-2 (Hsp70-10)* 
10 AT3G09440 0.74 Hsp70-3* 
11 AT4G28480 0.73 DNAJ family protein 
12 AT5G56010 0.73 Hsp81-3 (Hsp90-3)* 
15 AT5G52640 0.71 Hsp81-1 (Hsp90-1)* 
16 AT3G12580 0.69 Hsp70 (Hsp70-4)* 
17 AT2G20560 0.69 DNAJ family protein* 
19 AT5G56030 0.69 Hsp81-2 (Hsp90-2)* 
23 AT1G74310 0.66 Hsp101* 
24 AT3G23990 0.65 Hsp60 
25 AT2G26150 0.65 HsfA2* 
30 AT5G02490 0.61 Hsp70-2* 
31 AT5G51440 0.61 23.5-kD Hsp* 
32 AT5G02500 0.61 Hsp70-1 
45 AT3G14200 0.59 DNAJ family protein 
48 AT3G08970 0.58 ATERDJ3A* 
50 AT3G24500 0.58 MBF1c 
72 AT3G07770 0.53 Hsp89-1 (Hsp90-6) 
75 AT2G29500 0.52 Hsp20-like family protein 
77 AT5G12030 0.52 Hsp17.6A 
83 AT2G32120 0.51 Hsp70T-2 
87 AT3G46230 0.51 Hsp17.4 
91 AT1G53540 0.50 Hsp20-like family protein 
*Genes are also co-regulated by J2. 
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query targets J2 and J3, respectively, on a perturbated heat sample revealed that 
several HS-responsive genes are positively correlated to our query targets, 
providing the first line of evidence that J2 and J3-conferred acquired 
thermotolerance is associated with Hsfs, Hsps and other potential HS-responsive 
genes. 
 
To verify that the slightly lower survival rates observed for j2 and j3 mutants in 
acquired thermotolerance are attributed to lower expression levels of heat-
inducible genes, we studied the transcript levels of several common heat-
inducible genes thought to be co-regulated by both J2 and J3 upon heat stress 
(Table 6 and 7). To this end, we exposed 7-day-old seedlings to 37 
o
C for 1 h and 
compared the extracted total RNA with seedlings that were not exposed to the 
heat treatment. As shown in Figure 23A, transcript levels of all the genes 
examined including HsfA2 and several Hsps such as Hsp70, Hsp70-3, Hsp70-10, 
Hsp90-1, Hsp90-3, Hsp101 and Hsp23.5 were upregulated drastically in both WT 
and j2-1 mutant when subjected to heat stress. However, the extent of 
upregulation was always lower in the mutant when compared to wild-type plants 
(also in Table 8). As was the case with j2-1, the upregulation in transcript levels 
of HsfA2 and the above-mentioned Hsps, together with Hsp17.4, Hsp17.6II and 
MBF1c were consistently lower in j3-1 compared to wild-type (Figure 23B, Table 
8). These data suggested that both J2 and J3 positively regulate the expression of 
HsfA2 and several Hsps during HS. 
 
3.6.4 Loss of J2 and J3 lowered expression levels of heat-inducible genes 
during recovery 
To further explain the acquired thermotolerance phenotypes observed in 
j2-1 and j3-1 mutants, we expanded the co-regulated Hsf members to include 
HsfA1d, HsfA3 and HsfA7a, in addition to HsfA2 in a time course analysis of 
recovery from HS treatment. Additionally, we also examined the time course 











Table 8: Average fold-changes in expression levels of heat stress-related 








Hsfs    
 HsfA1d 0.96 0.83 
 HsfA2 0.84 0.56 
 HsfA3 0.60 0.60 
 HsfA7a 0.86 0.68 
 
Small HSPs 
HsfA3 0.60 0.60 
 Hsp17.4 0.89 0.67 
 Hsp17.6II 0.90 0.81 
 
HSP70s 
Hsp23.5 0.78 0.83 
 Hsp70 0.71 0.40 







HSP90s    






AT1G72416 Hsp101 0.78 0.48 
    






Figure 23: Disruption of J2 and J3 lowered expression levels of heat-
inducible genes during heat stress. 
Quantitative real-time PCR analyses of transcript levels of heat-inducible genes in 
9-day-old wild-type, j2-1 (A) and j3-1 (B) plants grown on MS medium. CK 
refers to seedlings before heat stress whereas HS refers to seedlings subjected to 1 
h at 37 
o
C. Results for real-time PCR were normalized against the expression 
level of TUB2. Each sample was tested in triplicate and data represent the means. 




for 1 h and transferred them to normal growth conditions for recovery. Total RNA 
was subsequently extracted at different time points. As shown in Figure 24A to D, 
transcript levels of the Hsfs, HsfA1d, HsfA2, HsfA3 and HsfA7a were muted in j2-
1 and more so in j3-1 compared to wild-type at 0 h of recovery time, which was 
equivalent to 1 h of HS treatment at 37 
o
C. This expression pattern was consistent 
with our previous experiment that Hsfs were downregulated in j2-1 and j3-1 under 
HS (Figure 23A, B and Table 8). When the recovery duration was extended to 1 h 
or 2h, similar muted Hsf expression patterns were still observed in j2-1 and j3-1 
compared to wild-type (HsfA7a could not be vividly represented on Figure 24D 
due to its lower expression levels) with j3-1 mutants showing greater magnitude 
of reduction in the induction of Hsfs expression compared to j2-1. By the end of 
experiment, at 8 h after recovery, all tested Hsfs have almost returned to their 
basal expression level. We similarly examined the transcript levels of the Hsps 
namely, Hsp70, Hsp70-1, Hsp101 and Hsp17.4 on a time course after HS 
recovery. As seen from Figure 25A to D, similar expression patterns to those of 
Hsfs were observed for the Hsps examined. The reduction in magnitude of 
induction of Hsps for j3-1 mutants was similarly lower than that of j2-1 mutants at 
0 h, 1 h and 2 h of post recovery. Except for Hsp70-1 (Figure 25B), the difference 
in transcript levels among the tested Hsps were indistinguishable at 2 h due to 
their low expression. By the end of the experiment, all tested Hsps have nearly 
returned to their basal expression level. Taken together, plants lacking J2 or J3 
showed lower expression levels of HS-responsive genes during mild-HS at 37 
o
C 
as well as during recovery from HS. These may be responsible for the weaker 
acquired thermotolerance phenotypes of j2-1 and more so for j3-1 mutants due to 
greater reduction in induction level of HS-inducible genes as compared to j2-1 
mutants. These results indicated that both J2 and J3 are positive regulators of HS-






Figure 24: Disruption of J2 and J3 lowered expression levels of heat shock 
transcription factors during early recovery. 
Quantitative real-time PCR analyses of transcript levels of HsfA1d (A), HsfA2 (B), 
HsfA3 (C) and HsfA7a (D) in 7-day-old wild-type, j2-1 and j3-1 plants grown on 
MS medium. CK refers to seedlings before heat stress. The seedlings were 
subjected to 1 h of 37 
o
C heat shock before recovery at 23 
o
C. Results for real-
time PCR were normalized against the expression level of TUB2. Each sample 






Figure 25: Disruption of J2 and J3 lowered expression levels of heat shock 
proteins during early recovery. 
Quantitative real-time PCR analyses of transcript levels of Hsp70 (A), Hsp70-1 
(B), Hsp100 (C) and Hsp17.4 (D) in 7-day-old wild-type, j2-1 and j3-1 plants 
grown on MS medium. CK refers to seedlings before heat stress. The seedlings 
were subjected to 1 h of 37 
o
C heat shock before recovery at 23 
o
C. Results for 
real-time PCR were normalized against the expression level of TUB2. Each 
sample was tested in triplicate and data represent the means. Error bars denote 




3.7 Disruption of J2 or J3 promotes basal thermotolerance 
3.7.1 j2 and j3 mutants show enhanced basal thermotolerance  
Interestingly, through the course of our study there were some indications 
that j2 and j3 mutants function differently when exposed to direct HS without 
prior acclimatization (basal thermotolerance) due to the upregulated HS 
responsive genes at physiological conditions (Hsp70-1 in Figure23B and 25B; 
HsfA1d in Figure 24A; and HsfA3 in Figure 24C). 
 
To better understand the role of J2 and J3 under heat stress, we also assessed the 
effect of J2 and J3 knockout mutants on basal thermotolerance where the survival 
rate of seedlings after HS was compared between wild-type and the mutants of 
interest. We exposed 7-day-old seedlings grown at 23 
o
C to HS at 44 
o
C for 40 
min without preconditioning and observed the changes seven days after HS 
treatment. To our surprise, mutant seedlings showed substantial survival rates in 
basal thermotolerance whereas wild-type seedlings were impaired in basal 
thermotolerance as none of them survived the lethal HS (Figure 26A to C). In 
contrast to wild-type seedlings, j2-1, j3-1 and j3-2 displayed 42.8 %, 76.3 % and 
71.6 % survival rate, respectively. Within these two homologs, plants lacking J3 
were more tolerant to lethal HS than J2, with the mutant j3-1 allele giving the 
highest survival rate. Therefore, we used J3 mutants, especially j3-1 allele, as our 
representative genetic material for further experiments in our study. 
 
To examine how long the j3 mutants could resist HS before they died completely, 
we carried out a time course assay where both wild-type and j3 mutants were 
subjected to HS. As shown in Figure 27A and B, nearly all the seedlings survived 
HS when the exposure time was within 20 min. The difference in viability 
between wild-type and j3 mutants started to become clear when heat treatment 
was extended to 30 min. At this point, wild-type seedlings started to die off 
(72.2 % survival rate) while most j3-1 and j3-2 mutants survived (98.2 % and 






Figure 26: j2 and j3 mutants show enhanced basal thermotolerance to heat 
stress. 
(A, B) Basal thermotolerance of wild-type, j2-1, j3-1 and j3-2 seedlings. Seven-
day-old seedlings grown at 23 
o
C were subjected to 44 
o
C for 40 min, and then 
returned to 23 
o
C. Plants were photographed 7 days after heat treatment. (C) 
Thermotolerance was estimated as survival rate (%) at 7 days after heat treatment. 





Figure 27: Basal thermotolerance of plants lacking J3 under prolonged heat 
stress. 
(A to D) Comparison of the survival rates (%) of wild-type, j3-1 and j3-2 
seedlings after prolong heat treatment. Seven-day-old seedlings grown at 23 
o
C 
were subjected to 44 
o
C for 10 to 60 min, and then returned to 23 
o
C. Plants were 
photographed 7 days after heat treatment. 
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episode was maintained for 40 min but j3-1 and j3-2 mutant seedlings still 
survived (77.9 % and 71.2 % survival rate, respectively). When the HS treatment 
was further extended to 50 min, fewer j3-1 and j3-2 mutant seedlings were able to 
survive (43.3 % and 38.8 % survival rate, respectively), and by 60 min, all of the 
seedlings tested were completely dead. Taken together, these results suggested 
that basal thermotolerance requires downregulation of J2 and J3. Furthermore, 
from our study of J3, it was found that the phenotype displayed in its mutants 
examined in the context of basal thermotolerance were more striking than when 
tested on acquired thermotolerance. It is thus tempting to postulate that J3 may 
have a more crucial role during basal thermotolerance than during acquired 
thermotolerance in Arabidopsis, as general HS response is not yet fully activated. 
 
3.7.2 Altered levels of J2 and J3 expression regulate basal thermotolerance 
during lethal heat shock 
To better understand the role of J3 in basal thermotolerance, we tested 
whether the basal thermotolerance phenotype of j3-1 could be attributed to the 
loss of J3 function. As such, we used the same complementation line mentioned 
in section 3.6.2. Seven-day-old seedlings grown at 23 
o
C were subjected to 44 
o
C 
HS for 40 min followed by recovery at 23 
o
C for 7 days. The rescue of 
thermotolerance in the complemented j3-1 mutants was subsequently confirmed 
by calculation of the survival rate. As shown in Figure 28A, complementation of 
j3-1 with the J3 genomic region resulted in a 48.4 % survival rate as compared to 
0 % survival rate in wild-type seedlings. However, this survival rate was 
approximately half of j3-1 which had a survival rate of 76.3 %. This partial rescue 
of the basal thermotolerance phenotype observed suggests a role for J3 in 
negatively regulating basal thermotolerance during heat stress. 
 
To further confirm that J3 functions in the regulation of basal thermotolerance, 
we also studied T3 homozygous J3 knockdown transgenic plants produced via 







Figure 28: Modulation of J2 and J3 expression alters basal thermotolerance 
of the plants to heat stress. 
(A) Expression of J3 in j3-1 mutant partially suppressed the basal 
thermotolerance phenotype of j3 mutant. Seven-day-old seedlings grown at 23 
o
C 
were subjected to 44 
o
C for 40 min and then returned to 23 
o
C (B) Transgenic 
plants harbouring AmiR-j3 displayed enhanced basal thermotolerance but slightly 
weaker than j3-1. Seven-day-old seedlings grown at 23 
o
C were subjected to 44 
o
C for 40 min and then returned to 23 
o
C (C) Transgenic plants overexpressing J3 
exhibited dosage-dependent decreased basal thermotolerance. Heat treatment was 
performed for 30 min. (D) Transgenic plants overexpressing J2 exhibited dosage-
dependent decrease in basal thermotolerance. Heat treatment was performed for 
30 min. Plants were photographed 7 days after heat treatment. Thermotolerance 
was estimated as survival rate (%) at 7 days after heat treatment. Data are the 




seedlings also produced an enhanced basal thermotolerance phenotype (65.0 % 
survival rate, though weaker than the null allele of J3 (76.3 % survival rate)). 
These data further support that J3 plays a critical role in basal thermotolerance. 
 
In contrast to the significant enhancement in basal thermotolerance phenotype of 
j3 mutants, transgenic plants overexpressing J3 displayed hypersensitivity to HS 
in a dosage-dependent manner (Figure 28C, Figure29B). While 78.7 % of wild-
type seedlings were alive after HS for 30 min, the survival rate was only 20.8 %, 
36.9 % and 55.3 % respectively for three independent lines of 35S:J3 transgenic 
plants (Figure 28C). The difference between the basal thermosensitivity of 
different lines of 35S:J3 could be explained by the differences in expression 
levels of J3 transcripts, where increased J3 expression correlated with greater 
basal thermosensitivity (Figure 29B). Similarly, transgenic plants that ectopically 
expressed J2 exhibited hypersensitivity to HS in a dosage-dependent manner 
(Figure 28D, Figure 29A). While 71.6 % of wild-type seedlings were alive after 
HS for 30 min, the survival rate was only 21.1 %, 29.4 % and 48.4 % respectively 
for three independent lines of 35S:J2 (Figure 28D). Taken together, our results 
showed that ectopic expression of J2 and J3 render plants more sensitive to heat 
stress. 
 
3.7.3  j2 and j3 mutants exhibit enhanced basal thermotolerance at different 
stages of growth 
While the results depicted in Figure 21 to 29 were based on the commonly 
used heat stress phenotypic assay – seedling viability, it has been shown that 
thermotolerance phenotypes may differ in different developmental organs and at 
different developmental stages (Larkindale et al., 2005). To extend the 
investigation beyond one particular growth stage, we also examined the basal 
thermotolerance in quantitative root length and hypocotyl elongation assays, in 
which mutants defective for thermotolerance usually exhibit inhibitions in 




Figure 29: 35S:J2 and 35S:J3 transgenic plants exhibit different degrees of 
overexpression. 
(A) Expression level of J2 in different independent lines of 35S:J2 transgenic 
plants. (B) Expression level of J3 in different independent lines of 35S:J3 
transgenic plants. Results for real-time PCR were normalized against the 
expression level of TUB2. Each sample was tested in triplicate and data represent 





For quantitative root length assay, 2-day-old seedlings grown at 23 
o
C were 
subjected to HS at 44 
o
C for 25, 30 and 35 min and returned to 23 
o
C for 7 days. 
As shown in Figure 30A and B, j2 and j3 mutants showed no difference in 
primary root length when compared to wild-type seedlings under normal 
conditions. However, root growth was inhibited by HS and the inhibition was 
aggravated significantly in wild-type seedlings in comparison to j2 and j3 mutants. 
The average root length of j3 mutants subjected to 35 min of HS was nearly three 
times longer than that of wild-type.  
 
For quantitative hypocotyl elongation assay, 2-day-old seedlings grown in the 
dark at 23 
o
C were similarly exposed to HS at 44 
o
C for 25, 30 and 35 min and 
returned to 23 
o
C in the dark for 2 days. As shown in Figure 31A and B, wild-type 
seedlings displayed severe reduction in hypocotyl elongation when compared to 
both j2 and j3 mutants after HS treatment, with j3 mutants exhibiting the least 
reduction in hypocotyl elongation among the three genotypes examined. Taken 
together, the results from both quantitative root length and hypocotyl elongation 
assays performed were consistent with the results from seedling viability assays, 
confirming that the basal thermotolerance functions of J2 and J3 were presented 
in other developmental organs as well. 
 
Cell membranes are one of the first targets of many plant stresses (Bajji et al., 
2002),  and maintenance of their integrity and stability under heat stress is a major 
component of thermotolerance. The electrolyte leakage (EL) assay represents a 
rapid, sensitive and quantitative method to assess the effect of heat-induced 
changes membrane stability. To measure the amount of stress on plant cells, we 
subjected excised rosette leaves from 3-week-old plants grown at 23 
o
C to a time 
course heat treatment at 44 
o
C, then measured the amount of EL. As observed 
from Figure 32A, there was no significant EL among wild-type, j2-1, j3-1, 35S:J2 
and 35S:J3 leaves before HS. During HS, EL was detected in both j2-1 and j3-1 
but at lower levels as compared to wild-type. In addition, j3-1 exhibited the 






Figure 30: Primary root length of j2-1 and j3-1 mutants in basal 
thermotolerance. 
(A) Effect of heat shock on basal thermotolerance of primary root growth in wild-
type, j2-1 and j3-1 seedlings exposed to 35 min of heat treatment. “-” indicates no 
heat treatment whereas “+” indicates heat treatment. Scale bar = 1 cm. (B) 
Average primary root length was scored for each genotype for different durations 
of heat treatment. Data are the means from at least three independent experiments. 
(C) Two-day-old seedlings grown at 23 
o
C were subjected to 44 
o
C for 25 to 35 
min, and then returned to 23 
o






Figure 31: Hypocotyl elongation of j2-1 and j3-1 mutants in basal 
thermotolerance. 
(A) Effect of heat shock on hypocotyl elongation in wild-type, j2-1 and j3-1 
seedlings exposed to 35 min of heat treatment. Scale bar = 1 cm. (B) Average 
hypocotyl elongation was scored for each genotype for different durations of heat 
treatment. Data are the means from at least three independent experiments. (C) 
Two-day-old seedlings grown at 23 
o
C in the dark were subjected to 44 
o
C for 25 
to 35 min, and then returned to 23 
o





in plants that ectopically expressed J2 and J3 while the maximal amount of EL 
produced was detected in plant overexpressing J3. On the whole, the amount of 
EL and the differences in EL measured among the genotypes increased with the 
duration of heat stress up till 4 h. These results suggested that both J2 and J3 are 
involved in regulation of membrane stability during HS. 
 
Electrolyte conductivity measurements quantify the presence of all charged 
solutes including both inorganic and organic molecules (Palta et al., 1977), thus 
the identity of these solutes are unknown. To determine whether J2 and J3 
function in oxidative stress pathways during HS, heat-induced changes in the 
concentration of cellular hydrogen peroxide (H2O2) was examined. Three-week-
old plants were exposed to 44 
o
C for 1 h prior to H2O2 extraction and subsequent 
quantification of H2O2 content. As observed in Figure 32B, there were no 
significant differences in the production of H2O2 among wild-type, j2-1, j3-1, 
35S:J2 and 35S:J3 plants at physiological conditions. After HS, there was much 
greater accumulation of H2O2 in 35S:J2 and 35S:J3 plants compared with wild-
type, with 35S:J3 producing the highest H2O2 content. On the other hand, there 
was significantly lower H2O2 accumulation in j2-1 and j3-1 compared with wild-
type, with j3-1 producing the least H2O2. These results suggested that J2 and J3 
played crucial roles in the regulation of H2O2 production. Taken together, the 
results from both EL assay and H2O2 measurements were consistent with the 
results from seedling viability assay, confirming once again that the basal 
thermotolerance functions of J2 and J3 exist at other developmental stages. 
 
3.8 J2 and J3 repress the general heat shock response under 
physiological conditions 
3.8.1 Genome wide identification of J3-dependent genes 
Since J2 has been demonstrated to have a weaker effect than J3 in 




Figure 32: Electrolyte leakage and hydrogen peroxide assays of wild-type, j2-
1, 35S:J2, j3-1 and 35S:J3. 
(A) Assay of electrolyte leakage was assayed using excised leaves from 21-day-
old seedlings in water bath at 44 
o
C. Data is the mean from five independent 
experiments. (B) Measurement of hydrogen peroxide level was conducted using 
21-day-old seedlings after exposed to heat at 44 
o
C for 1 h. Data are the means 
from five independent experiments. Asterisks indicate significant difference in 





5), we used j3-1 as the representative line to study the transcriptome changes and 
the molecular events in the event of loss of J3 function. We performed a 
microarray comparing the transcriptomes of 9-day-old wild-type and j3-1 
seedlings. The total number of genes in the high-throughput microarray with 
differential expression was 364. Among them, 321 were upregulated and 43 were 
downregulated (fold-change threshold defined as at least 2-fold change in 
expression level). Nevertheless, this number included a few duplicated genes. 
After elimination of the identical genes, a list of 361 unique genes was obtained, 
which represents 1.07 % of the whole Arabidopsis genome (based on 33,602 
annotated genes in TAIR 10). These 361 genes are considered J3-dependent genes. 
More than four-fifths of these genes (88.4 %) were upregulated and only 12 % 
were downregulated and the total number of induced genes (319) exceeds that of 
repressed genes (42) by more than 7-fold in our processed data (Figure 33). Thus 
our data suggests that J3 functions mainly as a repressor under physiological 
conditions. 
 
Next, we assigned each unique gene to each of the three major gene ontologies 
(GO) namely, Biological Process, Cellular Components and Molecular Function 
via the functional categorization found in TAIR (Figure 34). Although the GO 
project tends to have redundant annotations and multiple descriptions of the same 
biological functions which would likely hinder the proper characterization of the 
genes, it remains as one of the most practical method to search for functionally 
equivalent terms in order to classifying gene properties (Postnikova & 
Nemchinov, 2012). The distribution of the J3-dependent genes in each GO 
domain is shown in Figure 34. Some of the categories with a large number of 
responsive genes (both upregulated and downregulated) include: nucleus (32 % of 
total affected gene), extracellular (14 %), chloroplast (13 %) and plasma 
membrane (12 %) in the GO Cellular Component; response to stress (25 %), 
response to abiotic or biotic stimulus (23 %) and signal transduction (15 %) in the 
GO Biological Process; and transcription factor activity (19 %), DNA or RNA 








Figure 33: Venn diagram depicting the distribution of unique responsive 
genes in plants lacking J3. 
Two sets of unique responsive genes are mutually exclusive. The blue circle 
represents induced genes and the yellow circle represents repressed genes. The 





Figure 34: Distribution of J3 responsive genes in the three main GO 




activity (11 %) in the GO Molecular Function. From these microarray data 
analyses, we observed that many of the responsive genes were associated with 
cellular components (nucleus and plasma membrane), biological processes 
(abiotic or biotic stimulus and signal transduction), and molecular functions 
(transcription factor activity, DNA or RNA binding and protein binding) that are 
essential during HS response. This suggests that the loss of J3 function may 
trigger a subset of responsive genes similar to that during a HS response when 
wild-type plants are challenged by heat stress.  
 
We also compared the percentage of J3 regulated genes identified in the 
microarray for each category against the percentage of genes for the category in 
the whole Arabidopsis genome. We observed that several categories such as 
extracellular, cell wall (Figure 35A), response to stress, response to abiotic or 
biotic stimulus, signal transduction (Figure 35B), protein binding and 
transcription factor activity (Figure 35C) were over-represented compared to their 
distributions in the whole genome, suggesting the importance of these functions in 
J3-regulated pathways. Taken together, the microarray data revealed that loss of 
function of J3 under non-HS conditions most probably triggers the plant to induce 
HS-related pathways and causes physiological changes that are associated with 
the acquired thermotolerance observed. 
 
3.8.2 Verification of microarray data 
Table 9 shows the heat-associated genes that were upregulated by at least 
two-fold in our processed microarray data. The list includes one Hsf, two sHsps, 
three Hsp70s, one Hsp90, three J-proteins, seven DREBs, seven WRKYs, nine 
Ca-binding/Calmodulins and two peroxidases. Quantitative real-time PCR was 
subsequently performed to verify the induction of these selected HS-responsive 
genes. We extracted RNA from two batches of 9-day-old seedlings grown on MS 
medium and one batch of 9-day-old seedlings grown on soil to demonstrate the 








Table 9: Average fold-changes in expression levels of heat stress-related 












grown in soil  
Hsfs      
AT2G26150 AtHSFA2 8.46 3.57 4.81 24.9 
 
Small HSPs 




6.58 5.41 6.87 42.1 
AT1G59860 AtHSP17.6A-CI 2.40 2.06 2.52 3.49 
 
HSP70s 
     
AT5G02490 AtHSP70-2 3.68 13.78 15.51 138.14 
AT3G12580 AtHSP70 3.12 3.77 4.20 60.45 
AT3G09440 HSP70-3 2.03 2.31 2.37 6.41 
 
HSP90 
     
AT5G52640 HSP90-1 4.17 5.43 4.03 11.24 
 
DNAJ 
     
AT1G72416 DNAJ heat shock 
protein 
3.02 1.25 1.51 1.19 
AT4G36040 J11 2.37 4.81 5.02 4.32 
AT2G17880 DNAJ heat shock 
protein 
2.03 - - - 
      
DREBs      
AT1G33760 Member of A-4 41.51 2.93 4.30 10.59 
AT1G12610 DDF1 37.76 1.58  1.63 3.42 
AT1G77640 Member of A-5 7.21 1.09 1.17  3.23 
AT1G74930 Member of A-5 5.31 1.08  1.27 1.48 
AT1G75490 DREB2D 5.09 2.27 3.11 3.31 
AT3G50260 DEAR1 2.33 - - - 
AT3G60490 Member of A-4 2.22 - - - 




AT5G22570 WRKY38 60.93 4.54 5.64 42.37 
AT1G80840 WRKY40 11.49 1.47 1.89 1.15 
AT3G56400 WRKY70 4.66 15.88 16.33 36.25 
AT4G31800 WRKY18 4.61 0.99 1.04 0.54 
AT2G38470 WRKY33 4.18 - - - 
AT4G23810 WRKY53 3.23 1.49 1.57 1.51 
AT4G01250 WRKY22 2.33    
      
Ca-binding/Calmodulin     
AT3G47480 Ca-binding EF 
hand 
10.31 8.57 8.06  11.27 
AT1G76650 CML38 5.10 5.92 5.68 47.24 
AT5G42380 CML37 4.83 2.95 2.74  5.52 
AT3G01830 Ca-binding EF 
hand 
4.69 2.11 3.32 3.93 
AT3G50770 CML41 4.66 3.91 4.74  5.45 
AT5G26920 CBP60G 4.26 - - - 
AT4G27280 Ca-binding EF 
hand 
4.25 - - - 
AT5G39670 Ca-binding EF 
hand 
2.78 - - - 
AT1G66400 CML23 2.03 - - - 
      
Peroxidases      
AT5G05340 PRX52 2.97 1.42 1.72  1.80 
AT5G42180 PER64 2.05 0.92 1.09 1.98 
AT1G44970 Member of 
peroxidase 





As observed in Table 9, there was a similar upregulation in these selected genes 
although a few HS-responsive genes exhibited an induction of less than two fold-
changes. The slight differences in fold changes are probably due to intrinsic 
differences in the plant samples used for investigation. Nevertheless, the 
microarray data provided a genome wide view of the alteration in gene 
expressions in plants lacking a functional J3. Disregarding the absolute quantity 
of fold change, we observed that the data on fold-change patterns of these HS-
responsive genes in the j3-1 background analyzed via quantitative real-time PCR 
were largely consistent with data obtained from microarray. Among these 
microarray HS-responsive genes, we identified HsfA2, 23.5-kD mitochondrial 
sHsp, Hsp70-2, Hsp70, Hsp90-1, At1g33760 (DREB), WRKY38, WRKY70, 
At3g47480 (Ca-binding protein) and CML38, which were the most highly induced 
with at least an average of 10-fold upregulation in j3-1 grown in soil. Members of 
Dehydration Responsive Element Binding (DREB) and WRKY transcription 
factors, together with Ca-binding/Calmodulins have been revealed to have 
functional roles in plant thermotolerance (Li et al., 2011; Saidi et al., 2011; 
Mittler et al., 2012). Taken together, our results suggest that J3 acts as a repressor 
of HS-inducible genes including Hsfs and Hsps under non-HS conditions.  
 
3.8.3 J2 and J3 negatively regulate expression of heat shock-responsive genes 
under physiological conditions. 
Because several HS-associated genes have been verified to be upregulated 
in the microarray in j3-1 in the microarray analysis, we subsequently expanded 
our gene expression study to determine the expression levels of other well-known 
Hsfs and Hsps in non-HS conditions. In addition, we analyzed these HS-
associated genes in j2-1 mutants to determine whether they are also common 
downstream targets of J2.  As shown in Figure 36A, expression of HsfA2 and 
HsfA3 were markedly higher in j2-1 and especially so for j3-1 mutants, when 






Figure 36: Expression of heat shock transcription factors and heat shock 
proteins in wild-type, j2-1 and j3-1 plants under non-heat stress conditions. 
Quantitative real-time PCR analyses of transcript levels of (A) Hsfs and (B) Hsps 
in 7-day-old wild-type, j2-1 and j3-1 plants grown on MS medium. Results for 
real-time PCR were normalized against the expression level of TUB2. Each 
sample was tested in triplicate and data represent the means. Error bars denote 




HsfA7s were similarly upregulated in both mutants. We also analyzed several 
known Hsps involved in thermotolerance. As shown in Figure 36B, transcript 
levels of different Hsp members were also elevated in the loss of either J2 or J3, 
and especially so for the latter. Among the tested Hsps, we detected the highest 
degree of upregulation for Hsp70, Hsp70-1, Hsp90-1 and sHsps such as Hsp17.4 
and Hsp17.6I. Besides the Hsfs and Hsps, other HS-responsive genes such as 
members of DREBs, WRKYs and Ca-binding/Calmodulins have been recognized 
to have functional roles in the heat stress signaling pathway and in 
thermotolerance (Li et al., 2011; Saidi et al., 2011; Mittler et al., 2012) . We have 
previously verified the expression of some of these heat-inducible genes identified 
in Table 9. To also investigate whether these genes are regulated by J2, we 
performed quantitative real-time PCR on 7-day-old j2-1 mutants. As observed in 
Figure 37, we detected an overall elevation in the transcript levels of these 
selected microarray heat-inducible genes in j2-1 mutant when compared to wild-
type, consistent with the results from the j3-1 mutant. These upregulated heat-
inducible genes include J11, At1g33760, DREB2D, WRKY38, WRKY70, 
At3g47480, CML37, CML38 and CML41. Hence, the improved basal 
thermotolerance observed in j2 and j3 mutants could be correlated with enhanced 
expression of Hsfs, Hsps and other heat-inducible genes. In line with higher basal 
thermotolerance of j3 mutants compared to j2 mutants, we also detected 
significantly higher expressions of these HS-responsive genes in the j3-1. These 
results further confirmed that both J2 and J3 are negative regulators of heat stress-
responsive genes during non-HS conditions. 
 
3.9 Investigation of J3 direct binding and J3 interacting proteins 
Results in this study so far showed that J3 plays important role than J2 in 
thermotolerance. In order to further understand the mechanism of action of the J3, 
we investigated whether J3 directly associates with the genomic regions of some 
of the highly HS-inducible genes such as HsfA2, HsfA3 and Hsp70. As shown in 






Figure 37: Expression of heat-inducible genes in wild-type, j2-1 and j3-1 
plants under non-heat stress conditions. 
Quantitative real-time PCR analyses of transcript levels of heat-inducible genes in 
7-day-old wild-type, j2-1 and j3-1 plants grown on MS medium. Results for real-
time PCR were normalized against the expression level of TUB2. Each sample 







Figure 38: J3 is not associated with the HsfA2, HsfA3 and Hsp70 genomic 
regions. 
(A) Immunoblot analyses using anti-HA antibody show the expression of J3-4HA 
in nuclear extracts (Input) and immunoprecipitated fractions (Eluate) of 9-day-old 
j3-1 or gJ3-4HA j3-1 seedlings. (B) Schematic diagrams show the HsfA2 (top 
panel), HsfA3 (middle panel) and Hsp70 (bottom panel) genomic regions. Exons 
are represented by black boxes, while introns and upstream regions are 
represented by white boxes. Bent arrows denote translation start sites and stop 
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codons. Three, five and four DNA fragments spanning HsfA2, HsfA3 and Hsp70 
genomic regions were examined by ChIP enrichment test as shown in (C), (D) 
and (E), respectively. (C to E) ChIP enrichment test shows no significant binding 
of J3-4HA to HsfA2, HsfA3 and Hsp70 genomic regions. Enrichment fold was 
calculated first by normalizing the amount of a target DNA fragment against 
genomic fragment of TUB2, and then by normalizing the value for gJ3-4HA j3-1 
against that for j3-1 as a negative control. Error bars denote standard deviation. 
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expression of J3-4HA in nuclear extract (Input) and immunoprecipitated fractions 
(Eluate) of 9-day-old gJ3-4HA j3-1seedlings but not j3-1 seedlings. We designed 
primers that amplified fragments on random sites of the HsfA2, HsfA3 and Hsp70 
genomic regions (Figure 38B). However, chromatin immunoprecipitation analysis 
using gJ3-4HA j3-1 revealed that J3 did not directly associate with the HsfA2, 
HsfA3 and Hsp70 genomic regions as there was no significant enrichment in these 
genomic fragments in the immunoprecipitated fractions (Figure 38C). These 
results suggest that J3 regulates the transcriptional activities of HsfA2, HsfA3 and 
Hsp70 indirectly. 
 
Next, we also sought to identify putative interacting proteins of J3. It was reported 
that the C-terminal domain of J-domain homolog in Drosophila, DRO1, is 
necessary to bind to Hsf in yeast two-hybrid assay (Marchler & Wu, 2001).  
Furthermore, the C-terminal region is also potentially involved in interaction with 
peptide substrate and Hsp70s (Sha et al., 2000). Since the fusion of full-length 
coding sequence of any protein to GAL4 DNA-binding domain (BD) might 
disturb with proper structural interaction with the potential interacting protein, we 
also used BD-J3-C, containing a truncated version of J3 including the C-terminal 
domain on top of BD-J3 containing the full length J3 to screen for J3 interacting 
proteins (Figure 39A). Bait self-activation test was first performed to ensure that 
J3 and J3-C did not activate transcription on its own. As observed from Figure 
39B, both BD-J3 and BD-J3-C were successfully introduced into yeast cells as 
they grew on synthetic defined (SD) medium lacking tryptophan and leucine (-
Trp/-Leu). On the other hand, the yeast colonies could not grow on SD medium 
lacking tryptophan, leucine, histidine and adenine (-Trp/-Leu/-His/-Ade), 
suggesting both BD-J3 and BD-J3-C do not have auto-reactivity. BD-J3 and BD-
J3-C were subsequently used as baits to perform large scale library screening of 
Arabidopsis whole seedling cDNA clones. However, only BD-J3-C produced 
significant number of independent clones (7 x 10
5
 transformants), suggesting that 







Figure 39: Bait self-activation test for J3. 
(A) Schematic diagram shows the domain structure of J3 containing a J-domain (J) 
in the N-terminus, a G/F rich domain (G/F), a CXXCXGXG zinc finger domain 
(Zn) and a C-terminal domain (C). J3-C is a truncated J3 protein without its N-
terminus. (B) Growth of yeast colonies transformed with BD-J3 and pGADT7, 
and BD-J3-C and pGADT7, on SD/-Trp/-Leu and SD/-Ttp/-Leu/-His/-Ade media. 





Nevertheless, no true interacting proteins were detected after three rounds of 
screening using the bait BD-J3-C even though several false positives were found 



















4.1 Evaluation of the importance of J-proteins in heat defense 
network  
Arabidopsis thaliana has a total of 120 distinct J-proteins in its genome 
(Rajan & D'Silva, 2009), which emphasize the crucial roles of J-proteins 
evolutionarily. Yet, we do not completely understand the precise roles and 
functions of many of these individual members. In many model organisms, the 
homolog of Hsp40s are recognized as indispensable co-chaperone partners of 
Hsp70s, whereby they function cooperatively in various folding mechanisms to 
ensure cellular homeostasis at all times (Craig et al., 2006). J-proteins have been 
recently perceived as the “driver” for Hsp70s as they are far more abundant than 
Hsp70s in most organisms whilst still retaining a broad array of sequence and 
structural divergence among themselves (Hennessy et al., 2005; Craig et al., 2006; 
Kampinga & Craig, 2010). In line with the wide range of structural divergence 
and roles, we have previously reported an Arabidopsis J-protein, J3, which 
functions in regulation of flowering time in order to govern the proper time for 
floral transition to occur (Shen et al., 2011). This functional role of J3 in 
flowering time control highlights the departure from its canonical role in being a 
molecular chaperone during heat stress.  
 
Heat wave, in the form of heat stress or heat shock (HS), affects crop productivity 
and leads to extensive agricultural losses (Mittler et al., 2012). As global warming 
persists and worsens with each year, heat waves have been predicted to escalate in 
terms of frequency and severity in the near future (Semenov & Halford, 2009). As 
such, future agricultural productions are most likely to encounter heat waves at 
higher frequencies, with stronger intensities and for longer durations (Tebaldi et 




The problem associated with heat wave is a pressing one as extreme temperatures 
severally disturb cellular homeostasis and result in cellular death, which affects 
agricultural yields. This is exacerbated by the increasing demand for food from a 
growing world population. Like most organisms, plants have evolved an innate 
mechanism to tolerate sublethal or lethal heat stress to a certain extent. In the 
absence of mild heat stress, new Hsps are not synthesized. Hence, plants exposed 
directly to lethal heat stress only depend on their intrinsic ability to survive in the 
HS environment. On the other hand, plants that are exposed to mild heat stress 
generate a HS response where there are large accumulations of Hsps to allow 
plants to better resist subsequent lethal heat stress even if it is of a longer HS 
duration. In this study, we investigated the biological functions of J3 and the 
novel gene, J2, a close homolog of J3, in regulation of thermotolerance to better 
understand heat defense mechanisms in plants.  
 
4.2 J2 may be redundantly and functionally related to J3 
Our study has demonstrated that J2 possesses a similar and overlapping 
mRNA and protein expression pattern to its close homolog J3. Firstly, 
bioinformatics analysis show that J2 has sequence similarity with J3 (Figure 9) 
and both J2 and J3 share a highly conserved J-domain conserved across 
eukaryotic organisms, especially within the plant kingdom (Figure 10). Secondly, 
as was previously reported for J3 (Shen et al., 2011), quantitative real-time PCR 
revealed that J2 was ubiquitously expressed in plant tissues (Figure 11). In line 
with that, gJ2:GUS reporter lines showed GUS signals in the majority of 
developmental organs (Figure 12). Lastly, J2 is localized in the cytoplasm, 
nucleus and plasma membrane (Figure 13), which was also similarly reported for 
J3 (Shen et al., 2011). Further analysis of J2 spatial expression pattern indicated 
that J2 may have a less important role in its function than J3. This can be 
observed from the lower relative expression levels of J2 as compared to J3 
(Figure 14 to 18) and the weaker intensity of GUS signal produced (Figure 11). 
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Furthermore, the expression of Hsfs and Hsps was strongly altered in j3-1 mutants 
for both basal and acquired thermotolerance but only moderately altered in j2-1 
mutants (Figure 23, 24, 25, 36 and 37). This also explains why j2 mutants do not 
display as significant basal and acquired thermotolerance phenotypes compared to 
j3 mutants. Additionally, J3 has been reported to have a divergent role in 
flowering time control (Shen et al., 2011), but J2 does not mediate flowering time 
(Figure 20). As such, J2 is perceived as a redundant gene for J3. 
 
4.3 J2 and J3 are highly induced by sublethal heat stress 
Many genes are affected by multiple abiotic stresses but in our study, we 
demonstrated that both J2 and J3 do not significantly respond to cold, salt and 
drought stress (Figure 14A, B). Instead, they are specifically induced by heat in 
our preliminary heat assay using the extreme temperature of 42 
o
C. We then 
further showed that both J2 and J3 could be effectively induced with an even 
higher fold-change under the sublethal temperature of 37 
o
C (Figure 16A, B), 
prompting us to select this temperature conditions for our subsequent study of 
HS-responsive genes. During recovery from heat treatment at 37 
o
C, the 
expression of both induced J2 and J3 gradually declined and returned to their 
basal level after 8 h (Figure 18A, B), indicating that both J2 and J3 are sensitive 
and responsive to sublethal HS.  
 
4.4 J2 and J3 are required for acquired thermotolerance 
Sublethal HS enhances subsequent thermotolerance of plants to lethal HS. 
Under acquired thermotolerance, both j2 and j3 mutants displayed slightly 
stronger heat-sensitive phenotypes than wild-type seedlings (Figure 21A to C). 
The slightly lower magnitude of acquired thermotolerance of j3 mutants 
compared to j2 mutants suggests that the J3 is a more crucial player than J2 in the 
regulation of acquired thermotolerance. In line with that, we observed that there 
were more HS-inducible targets regulated by J3 than J2, and all the identified J2 
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regulated genes were co-regulated by J3 (Table 6 and 7). We showed that these 
groups of HS-inducible genes were downregulated in both j2-1 and j3-1 plants at 
37 
o
C. Among these HS-inducible genes, the Hsf HsfA2 was moderately 
downregulated, suggesting that it is a downstream gene of both J2 and J3. Studies 
have shown that HsfA2 functions as an activator of Hsp genes and is required for 
prolonged HS and that disruption of HsfA2 reduced the expression levels of HS-
inducible genes during prolonged HS (Charng et al., 2007). Additionally, both J2 
and J3 showed consistently high expression levels during prolonged heat 
treatment even after reaching their peak expression level, suggesting that they are 
needed during prolonged HS as well (Figure 17A, B). Thus, it seems plausible 
that the lower acquired thermotolerance in j2 and j3 mutants might be due to 
reduced transcript level of HsfA2.  
 
4.5 J2 and J3 repress the expression of HS-responsive Hsf and 
Hsp genes under physiological conditions 
Although both j2 and j3 mutants displayed lower acquired 
thermotolerance, they surprisingly exhibited higher basal thermotolerance (Figure 
26A to C). Using the j3 mutants which have much stronger phenotype, we further 
verified that j3 mutants consistently showed higher survival rate than wild-type 
seedlings in a time course assay under lethal HS until they died when treatment 
time was extended to 60 min (Figure 27A, B). Furthermore, knockdown of J3 in 
wild-type plants by artificial microRNA also enhanced the survival rate of plants 
during lethal HS (Figure 28B). On the contrary, plants that ectopically express J2 
or J3 have lower survival rates than wild-type when subjected to lethal HS 
treatment up to 30 min (Figure 28C, D). Thus, J2 and J3 may act as negative 
regulators of basal thermotolerance.  
 
As Hsps are important in conferring tolerance towards HS, we were interested to 
understand how j2 and j3 mutants survived lethal HS without first triggering the 
HS response of sublethal heat stress, whereas wild-type plants were dead after 40 
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min of lethal HS at 44 
o
C. Microarray analyses and quantitative real-time PCR 
revealed that the levels of expression of various HS-inducible genes, including 
Hsfs and Hsps, which have been shown to be necessary for acquired 
thermotolerance, were higher in j3-1 mutant than in wild-type plants under non-
HS conditions (Figure 35, 36, 37 and Table 9). The levels of HS-inducible genes 
in j2-1 were also detected to be higher than that of wild-type plants without HS, 
though the overall upregulation of these genes were less prominent than in j3-1 
(Figure 36A, B, Figure 37). As such, the expression profile of j2-1 and j3-1 plants 
under normal conditions is similar to that of wild-type plants subjected to 
sublethal heat at 37 
o
C, thereby enabling the mutant plants to survive lethal heat 
stress. Hence, our experiments indicate that J2 and J3 function to suppress the 
expression of HS-responsive genes under non-HS conditions. 
 
4.6 J2 and J3 play more critical roles in basal thermotolerance 
than acquired thermotolerance 
Evidence from Figure 21, 26 and 27 suggested that wild-type plants are 
more susceptible in basal thermotolerance than in acquired thermotolerance. This 
observation can be explained by the accumulation of Hsps in acquired 
thermotolerance that boosts the survival of the plants during lethal HS. On the 
contrary, j3 mutants were more impaired in acquired thermotolerance than in 
basal thermotolerance when compared to both wild-type and j2 mutants. The 
lower acquired thermotolerance of j2 and j3 mutants compared to wild-type might 
be attributed to the insufficient accumulation of Hsp necessary for resistance to 
lethal HS during sublethal HS. This observation of differential tolerance suggests 
that different pathways could be involved in basal and acquired thermotolerance. 
Thus, we compared the relative rates of survival of j3 mutant under different heat 
stress conditions to elucidate the relative importance of different signaling 
pathways in basal versus acquired thermotolerance. On the whole, j3 mutants 
showed moderate differences (approximately 20 % difference) in viable rates 
compared to wild-type under acquired thermotolerance (Figure 21). However, 
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under basal thermotolerance, j3 mutants displayed significant differences 
(approximately 70 % difference) in viability rate compared to wild-type plants 
(Figure 26 and 27), suggesting that J3 plays a bigger role in basal thermotolerance 
than acquired thermotolerance. In line with the suggestion that J3 function less 
critically in acquired thermotolerance, we measured the primary root length, 
hypocotyl elongation, electrolyte leakage (EL) and hydrogen peroxide (H2O2) 
content of wild-type, j2 and j3 mutants under acquired thermotolerance. It was 
revealed that all the genotypes examined performed similarly and that all the 
above-mentioned experiments did not show obvious differences in quantitative 
measurement (data not shown). In contrast, when tested for basal thermotolerance, 
j2 and j3 mutants displayed moderate and strong phenotypes, respectively 
compared to wild-type plants in primary root length assay, hypocotyl elongation 
assay, EL and H2O2 assays (Figure 30 to 32). These data, which are consistent 
with the seedling viability results in Figure 26 and 27, suggest that J2 and J3 play 
bigger roles in basal thermotolerance than acquired thermotolerance.  
 
Interestingly, HsfB1 and HsfB2b, the class B Hsf repressors, have been reported 
to have dual roles in thermotolerance (Ikeda et al., 2011). Like J2 and J3, HsfB1 
and HsfB2b function as repressors and negatively regulate the expression of heat-
inducible Hsfs and several Hsps under non-HS conditions. On the other hand, 
HsfB1 and HsfB2b are required for acquired thermotolerance where they are 
needed for expression of heat-inducible Hsps. As such, hsfb1-1 hsfb2b-1 plants 
exhibited higher basal thermotolerance but lower acquired thermotolerance than 
wild-type (Ikeda et al., 2011). Our study demonstrates that J2 and J3 have similar 
functions as HsfB1 and HsfB2b in suppressing the expression of numerous HS-





4.7 Redundancy and activation of heat shock response during 
acquired thermotolerance 
Plants have evolutionary developed a range of complex programmes to 
effectively respond to and survive HS. Plants have more than 20 Hsfs with 
different functions (Baniwal et al., 2004; Scharf et al., 2012). In addition, there 
are five classes of Hsp family members, with divergent and overlapping roles 
(Schoffl et al., 1998; Wang et al., 2004; Sakuma et al., 2006). Moreover, among 
the Hsps, there is a large group of 120 distinct J-proteins in Arabidopsis (Rajan & 
D'Silva, 2009). As such, it is plausible for functional redundancy to exist among 
the Hsfs and Hsps in relation to HS response and acquired thermotolerance. In our 
study, we observed that the strongest thermotolerance phenotypes were seen in 
wild-type plants under acquired thermotolerance, followed by j3 mutants under 
acquired thermotolerance, j3 mutants under basal thermotolerance, and lastly 
wild-type plants under basal thermotolerance. The higher viability rate in acquired 
thermotolerance is due to the trigger of HS responses where large numbers of 
heat-responsive genes are induced during the sublethal HS. And it is plausible that 
some of these heat-responsive genes, especially the homologs of J2 and J3 may 
functionally compensate for the loss of function of J2 and J3 to a certain extent, 
thus masking the prominent thermotolerance effects of plants lacking J2 and J3 in 
acquired thermotolerance. However, plants only depend on their intrinsic cellular 
properties in basal thermotolerance where prior HS response was absent. As such, 
plants lacking J2 and J3 which are able to trigger a subset of HS response, are 
able to survive significantly better than wild-type plants. Nevertheless, these j2 
and j3 mutants died after 60 min exposure to lethal HS, much shorter than wild-
type plants subjected to acquired thermotolerance, which can survive after 200 
min exposure to lethal HS.  
 
Although we have demonstrated that J2 and J3 function as repressors to suppress 
HS response under physiological conditions, we still do not understand their 
biological significance in terms of acquired thermotolerance during HS response 
under. It has been reported that the repressive activities of HsfB1 and HsfB2b are 
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also present during attenuation period of the HS response. Since both J2 and J3 
function similarly with HsfB1 and HsfB2b in basal and acquired thermotolerance, 
it may be possible that J2 and J3 are also involved in attenuating the HS response. 
This is probably why they are required in acquired thermotolerance even though 
their biological role during non-HS conditions is to suppress the HS response. 
 
4.8 J3 is a canonical repressor of heat shock response  
J3 may possibly act as a canonical repressor during non-HS conditions as 
revealed by the significantly larger number of genes that were induced compared 
to repressed genes in the j3-1 microarray (Figure 33). In addition, genes 
responsive to abiotic or biotic stresses and those involve in signal transduction 
and transcription factor activities were significantly overrepresented in j3-1 plants 
during non-HS conditions (Figure 35B, C). Hence, J3 very likely suppresses the 
expression of HS-inducible signal transduction genes and HS-inducible 
transcription factors, that are necessary to “switch on” heat shock response, 
during non-HS conditions. This is in agreement with the negative role of Hsp70 
and Hsp90. Members of both Hsp70s and Hsp90s have been demonstrated to 
repress HS-inducible genes such as Hsfs during non-HS conditions and trigger the 
activation of Hsfs in the presence of heat (Lee & Schoffl, 1996; Morimoto, 1998; 
Yamada et al., 2007). HS response is a cellular defense mechanism that 
temporarily halts normal protein synthesis and metabolism in order to transiently 
reprogramme cellular activities to produce Hsfs and subsequent Hsps (Schoffl et 
al., 1998; Wang et al., 2004; Kotak et al., 2007a; Richter et al., 2010). After the 
triggering of HS signaling and response, it is necessary for the plants to attenuate 
the HS response in order to perform normal cellular functions. Henceforth, the 
production of Hsp will create a negative feedback on the production of Hsfs, and 
subsequently return cells to physiological conditions. Upon return to non-HS 
conditions, Hsps act as negative regulators of Hsfs and other HS-inducible genes 




Several heat-inducible genes have recently been reported to be involved in 
negative regulation of thermotolerance in Arabidopsis. As mentioned earlier, both 
HsfB1 and HsfB2b have been demonstrated to act as repressors of the heat-
inducible genes under non-HS conditions but positively regulate acquired 
thermotolerance (Ikeda et al., 2011). B-box zinc finger protein 18 (BBX18), a 
heat-inducible B-box zinc finger, negatively regulates both basal and acquired 
thermotolerance (Wang  et al., 2012). Knockdown of BBX18 displayed increased 
basal and acquired thermotolerance in transgenic plants, while overexpression of 
BBX18 reduced tolerance to HS in transgenic lines (Wang, Q et al., 2012). The 
heat inducible Arabidopsis Heat Shock factor Binding Protein (AtHSBP) was 
shown to be a negative regulator in acquired thermotolerance and during 
attenuation of HS response but was not involved in basal thermotolerance (Hsu et 
al., 2010). Under acquired thermotolerance, the seedling survival rates of Athsbp 
lines were significantly increased, whereas those of AtHSBP overexpression lines 
were significantly reduced when compared with those of the wild-type (Hsu et al., 
2010). Arabidopsis actin capping protein (AtCP) subunit  and β were induced by 
heat but only atcpβ mutant conferred plant basal thermotolerance (Wang et al., 
2012). It was further demonstrated that the enhanced basal thermotolerance of 
atcpβ mutant was due to stabilization of actin filament network after HS (Wang et 
al., 2012). Heat-inducible Gibberellin-Stimulated Arabidopsis 5 (GASA5) acts as 
a negative regulator in basal thermotolerance by regulating salicylic acid signaling 
and Hsp accumulation where gasa5-1 plants showed higher viability and plant 
overexpressing GASA5 displayed lower viability compared to wild-type plants 
when subjected to lethal HS (Zhang & Wang, 2011). It was demonstrated that 
GASA5 downregulates the expression of Hsp genes and that GASA5-
overexpressing plants have weak ability to resist H2O2 accumulation induced by 
HS, and therefore are injured by the presence of high level of H202 accumulation 
in leaves (Zhang & Wang, 2011). A heat-inducible RNA-binding KH domain-
containing protein, Regulator of CBF Gene Expression 3 (RCF3), acts as negative 
regulator of basal thermotolerance where rcf3-1 plants are more tolerant to HS 
than wild-type plants due to elevated expressions of numerous Hsfs and Hsps as 
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compared to wild-type (Guan et al., 2013). On the contrary, plant overexpressing 
RCF3 show downregulation of HS responsive genes and subsequent higher 
sensitivity to HS than wild-type (Guan et al., 2013). AtFes1A, which is induced 
by heat, is a negative regulator of HS response and the atfes1a mutant displayed 
increased heat-sensitivity in acquired thermotolerance (Zhang et al., 2010). It was 
further demonstrated that AtFes1A functions to prevent cytosolic Hsp70 
degradation and that ubiquitination of total protein increased in atfes1a mutant 
after severe HS (Zhang et al., 2010). 
 
Interestingly, in our study we reported that J2 and J3 responded differently 
towards basal and acquired thermotolerance. As far as we know, it is the first 
instance of J-proteins reported to display different thermotolerance phenotypes 
with respect to basal and acquired thermotolerance. Based on the concept on 
chaperone-titration model in which Hsp70s or Hsp90s act to repress Hsf during 
non-HS conditions together with the findings on the physiological role of J2 and 
J3 function as repressors of HS-inducible genes, we can conclude that J2 and J3 
probably act to repress the master regulator of Hsfs, Hsf1As, and Hsp70s or 
Hsp90s which are involved in repression of Hsfs.  
 
4.9 A model for J2- and J3-mediated control of plant 
thermotolerance 
Our results in this study have led to a proposed heat shock response model 
that include the new identified players, J2 and J3, in both basal and acquired 
thermotolerance (Figure 40).  In this model, lethal HS (44 
o
C) is not able to 
effectively induce HS response in wild-type plants and plants depend only on 
their intrinsic ability to resist the lethal HS, thus result ing in very weak 
thermotolerance (Figure 40A).  However, in j2 and j3 mutants, the dominant 
repression on HsfA1s, the master regulators of Hsfs, by J2 and J3 is derepressed 
and subsequently triggers an upregulation of downstream Hsfs (including HsfA2, 




Figure 40: Model of basal and acquired thermotolerance of J2 and J3 in 
plants. 
(A and B) Model depicts (A) wild-type and (B) j2 and j3 mutants in basal 
thermotolerance. (C and D) Model depicts (C) wild-type and (D) j2 and j3 
mutants in acquired thermotolerance.  (A) Lethal HS (44 
o
C) is not able to 
effectively trigger heat shock (HS) response resulting in very weak tolerance. (B) 
Under the loss of function of J2 or J3, the dominant repression on HsfA1s, master 
regulator of Hsfs, is derepressed and subsequently triggers a cascade of heat-
inducible genes which include Hsfs and Hsps. Newly produced Hsps negatively 
feedback on Hsfs to attenuate the HS response, completing the chaperone titration 
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model. Despite the relief of repression on Hsp70s and Hsp90s, HsfA1s are 
probably the main target that J2 and J3 dominantly repress (blue dotted lines). (C) 
In wild-type plants under sublethal HS, the presence of HS response including 
other heat-induced signaling pathways significantly alleviates plant 
thermotolerance. The heat-induced J2 and J3 act to repress Hsp70s and Hsp90s, 
which subsequently derepress HsfA1s, further enhancing acquired 
thermotolerance. (D) In plants lacking J2 and J3, there is a derepression of 
Hsp70s and Hsp90s on HsfA1s. But the presence of other heat stress signaling 
pathways produce an overall positive net accumulation of Hsf1As, allowing these 






(Figure 40B). Despite a simultaneous relief of repression on Hsp70s and Hsp90s 
by J2 and J3, we proposed that HsfA1s are the main targets that J2 and J3 
dominantly repress, such that the immediate derepression of HsfA1s trigger the 
HS response necessary to enhance thermotolerance in these mutants.  In wild-type 
plants that are treated with sublethal HS (37 
o
C), the heat-induced J2 and J3 act to 
repress Hsp70s and Hsp90s which subsequently derepress HsfA1s (Figure 40C). 
Other heat-signaling pathways that are activated significantly upregulate the 
HsfA1s, giving an overwhelming HS response and subsequent extreme strong 
thermotolerance. The dominant repression of J2 and J3 on HsfA1s in this situation 
may be negligible in the presence of other heat-signaling pathways. On the other 
hand, the acquired thermotolerance in j2 and j3 mutants are slightly weaker than 
wild-type due to the derepression of Hsp70s and Hsps90 on HsfA1s (Figure 40D). 
The stronger heat resistance than their mutants during basal thermotolerance are 
likely due to the presence of other heat signaling pathways during HS response. 
 
4.10 Future prospects 
There are some additional works that could be performed in the near 
future. With regards to the issue on generating the homozygous double mutant of 
j2 and j3, we noted that both genetic crossings between j2-1 and j3-1, and also j2-
1 and j3-2 failed to obtain true homozygous double mutant, which suggest that 
double mutation could be embryo lethal. To overcome this problem, we could 
create AmiR-j3 j2-1 plants that would probably eliminate the effect of embryo 
lethal since there would be no complete knockout effect under the background of 
AmiR-j3. AmiR technology is a technique to create a knockdown effect of gene of 
interest. This is supported by the fact that AmiR-j3 seedlings did not display a 
substantial survival rate as compared its knockout mutants, j3-1 and j3-2 (Figure 
26B, Figure 28B).  
 
The investigation of the weaker homolog of J3, J2, could be further extended via 
generating different J2-related genetic materials. Because we only used a sole T-
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DNA genetic material, j2-1, to study the loss of function of J2, the data collected 
might be hardly unconvincing. There are at least three other allelic j2 T-DNA 
insertional mutants at ARBC – two of which have insertions at 3’ UTR whereas 
the last allelic mutant has an insertion at approximately 250 bp before the start 
codon. Hence, we could order the latter mutant to support our study for plant 
lacking of functional J2 gene. On the other hand, we could also perform a 
complementary experiment via studying the effect of gJ2 j2-1 seedlings to 
investigate whether the HS phenotypes observed in j2-1 mutant could be partially 
rescued.  
 
We also noted that our thermotolerance assays have been carried out on petri 
dishes sealed with parafilm, similar to many published research articles studying 
on thermotolerance. Hence, it should be taken into account that thermotolerance 
of a plant can be differently estimated in such a closed environment, where 
evapotranspiration does not play any role. In fact, the ability of transpiration can 
be a crucial parameter to evaluate the thermotolerance of any genotype while also 
offers better simulation to the plants growing in the nature. As such, measuring 
water loss and transpiration rate can be seen as an important step to confirm the 
biological roles of J2 and J3 with respect to thermotolerance. Furthermore, we 
could investigate the stomata aperture on the epidermis layer of the HS-treated 
leaf along with a control to observe for any changes in size. A plant that can resist 
heat stress better could have larger stomata aperture, promotes evapotranspiration 
rate and subsequently acquire thermtolerance ability. 
 
In j2-1 mutant, where J3 is not disrupted, J3 does not rescue the mutant from the 
j2-1 phenotype. Therefore, there must be some different downstream targets 
which could explain this observation. As such, we could performed microarray 
for j2-1 and compare the differential expressed genes between j2 and j3 mutants 
in a Venn diagram. The results could be interesting as it may help to rectify the 
difference in the biological roles of J2 and J3 in which these two homlogs have 




Lastly, we observed that GUS activity was not detected in the vegetative shoot 
apical meristem (SAM) in gJ2:GUS transgenic seedlings (Figure 12A). In 
contrast, GUS signal was detected in SAM tissue of plant transformed with 
gJ3:GUS construct (Shen et al., 2011). Since J3 is involved in control of 
flowering time and that SAM is a major determinant organ involved in the 
irreversible floral transition process, there is likelihood that J2 does not mediate 






In this study, we have demonstrated that J2 may function redundantly with 
J3 as repressors in suppressing heat shock (HS) response during non-HS 
conditions and are also required for acquired thermotolerance. Both j2 and j3 
mutants showed stronger basal thermotolerance than wild-type due to the 
upregulation of HS-responsive genes under non-HS conditions, that is similar to 
the wild-type when treated with sublethal HS. Hence, these plants lacking J2 or 
J3, especially j3 mutants survived better in lethal HS without pretreatment. J3 is a 
more crucial repressor than J2 as higher upregulation of HS-responsive in j3 
mutants are responsible for its better survivability than j2 mutants under basal 
thermotolerance. On the other hand, J2 and J3 are needed for acquired 
thermotolerance, probably to attenuate the HS response. The slightly lower 
survivability of j2 and j3 mutants than wild-type plants in acquired 
thermotolerance may be due to the derepression of Hsp70s/Hsp90s that 
subsequently act to repress HsfA1s. The difference in the degree of 
thermotolerance of j2 and j3 mutants in both basal and acquired thermotolerance 
lies in the existence of other inducible heat-signaling pathways that are activated 
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In flowering plants, the founder cells from which reproductive
organs form reside in structures called floral meristems. Recent
molecular genetic studies have revealed that the specification
of floral meristems is tightly controlled by regulatory networks
that underpin several coordinated programmes, from the
integration of flowering signals to floral organ formation. A
notable feature of certain regulatory genes that have been
newly implicated in the acquisition and maintenance of floral
meristem identity is their conservation across diverse groups of
flowering plants. This review provides an overview of the
molecular mechanisms that underlie floral meristem
specification in Arabidopsis thaliana and, where appropriate,
discusses the conservation and divergence of these mechanisms
across plant species.
Introduction
Flowering plants, also known as angiosperms (see Glossary, Box 1),
were the last of the seed-bearing plant groups to evolve. The most
obvious features that distinguish angiosperms from other seed-
bearing plants are their reproductive organs, the flowers. In the
course of flowering, plants undergo a transition from vegetative to
reproductive growth (see Glossary, Box 1), known as the floral
transition. Flowers contain reproductive structures, such as stamens
and carpels (see Glossary, Box 1; see also Fig. 1), and upon
fertilization a subset of carpels develops into fruits. These fruits
contain seeds, from which new plants can grow, thus permitting the
transfer of genetic information to the next generation.
When plants initiate flowering, the vegetative shoot apical
meristem (SAM; see Glossary, Box 1), which gives rise to all the
parts of a plant that are above ground, is transformed into an
inflorescence meristem (IM; see Glossary, Box 1). The IM, in turn,
generates a collection of undifferentiated cells called floral
meristems (FMs) that give rise to floral organs. As FMs arise in
response to multiple flowering signals and eventually differentiate
into various types of floral organ, the regulation of FM development
is a crucial and dynamic switch that allows for the successful
reproductive development of flowering plants in an unpredictable
environment.
Morphological changes of flower development have been
monitored in detail in the model plant Arabidopsis thaliana (Smyth
et al., 1990), in which flower development is divided into 12 stages
according to a series of landmark events. Floral primordia that are
present prior to visible floral organogenesis are generally considered
to be FMs. Even though floral anlagen are morphologically invisible
before stage 1, they have already become distinguishable from other
cells in IMs, as is apparent from the expression of certain marker
genes. One such marker gene is AINTEGUMENTA (ANT), which
encodes a transcription factor of the plant-specific AP2/EREBP
family (Fig. 2A). Floral anlagen at this transitional phase are usually
referred to as stage 0 FMs (Long and Barton, 2000). Stage 1 FMs
emerge as outward bulges on the flank of the IM, with each new FM
forming at an angle of ~130°-150° to previously established ones.
From stage 1 to the end of stage 2, FMs enlarge gradually into ball-
shaped structures and become separated from the IM (Fig. 2B). The
primordia of the first whorl (see Glossary, Box 1) of floral organs,
sepals (see Glossary, Box 1), appear at the periphery of the FMs at
stage 3 and start to overlie FMs at stage 4, and this is followed by the
successive emergence of other floral organs in the internal whorls.
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Box 1. Glossary
Abaxial Facing away from the axis of the stem; also the lower
surface of leaves.
Adaxial Facing towards or adjacent to the axis of the stem; also the
upper surface of leaves.
Angiosperm A flowering plant in which ovules (seeds) are enclosed
in an ovary (fruit).
Axillary meristem The meristematic tissue located in the upper
angle between a leaf and a stem.
Carpel Female reproductive organ, consisting of a pollen-receiving
part, the stigma, a stalk-like structure, the style, and the ovule-
containing ovary.
Cotyledon The first leaf or leaves generated from a seed-bearing
plant embryo.
Dicotyledon A flowering plant with two cotyledons and flower
parts in multiples of four or five.
Eudicotyledon Regarded as a ‘true’ dicotyledon that typically shares
the same characteristics as a dicotyledon, but that has three or more
pores in its pollen.
Gibberellin A plant hormone that influences various developmental
processes, including growth stimulation, germination and flowering.
Indeterminacy The ability to continue to grow indefinitely.
Inflorescence A shoot that contains a cluster of flowers.
Meristem A plant tissue that consists of undifferentiated cells with
growth potential.
Monocotyledon A flowering plant with a single seed leaf
(cotyledon) and flower parts in multiples of three.
Pedicel The stalk of an individual flower.
Petal A modified leaf that forms part of a flower and is usually
brightly coloured.
Photoperiod Length of light and darkness in one day.
Reproductive growth The mature phase of a flowering plant; the
plant has reproductive organs (flowers).
Sepal Outermost leaf-like structure of a flower that often serves as
protection.
Shoot apical meristem The meristematic tissue at the tip of a plant
shoot.
Spikelet Basic leaf-like unit of the inflorescence of grasses, enclosing
one or more florets.
Stamen Male reproductive organ, consisting of a stalk, termed the
filament, and a pollen-containing structure, the anther.
Vegetative growth The non-reproductive, growing phase of the
life cycle of a flowering plant; after the seedling phase but before the
floral transition.
Vernalization Prolonged exposure to cold temperatures that some
plants require to become competent to flower.












The intimate developmental link between FMs and floral organs
indicates that the specification of FMs is a key preliminary step for
successful flower development.
Recent molecular genetic studies have provided new insights into
the specification of FMs in Arabidopsis and other flowering plants.
In this review, we focus on the latest progress in our understanding
of the regulatory networks that underpin several coordinated
programmes of FM development in Arabidopsis and discuss the
homologues of key genes that regulate FMs in a variety of flowering
plants (angiosperms) to evaluate the conservation of relevant
mechanisms across plant species.
Setting the scene: IM formation
FMs are exclusively produced from IMs, the reproductive SAMs
into which vegetative SAMs are transformed during the floral
transition. By contrast, other organ primordia initiate from plant
SAMs during both vegetative and reproductive phases; this
suggests a unique role for IMs in specifying FMs. It should,
however, be noted that many grasses have evolved more
specialized, so-called axillary meristems (see Glossary, Box 1)
from IMs that are produced before producing FMs to acquire
highly branched inflorescences (Fig. 2C). For instance,
indeterminate IMs (see Glossary, Box 1) or their derived branch
meristems in maize (Zea mays) give rise to spikelet pair
meristems (see Glossary, Box 1), which further differentiate into
spikelet meristems and finally into FMs (Barazesh and McSteen,
2008). Regardless of how FMs are ultimately formed, however,
the generation of IMs is a prerequisite for FM specification in
most flowering plants.
The molecular mechanisms that underlie the transition from
vegetative SAMs to IMs have been intensively investigated in
Arabidopsis (Fig. 3). This transition is mediated by a complex
network of genetic pathways that regulate flowering in response to
environmental and developmental signals (Blazquez et al., 2003;
Boss et al., 2004; Mouradov et al., 2002; Simpson and Dean, 2002).
The autonomous pathway regulates flowering by monitoring
endogenous cues from different developmental stages, whereas the
gibberellin (GA; see Glossary, Box 1) pathway affects flowering
particularly in short-day conditions. The photoperiod and
vernalization pathways (see Glossary, Box 1) mediate the responses
to environmental signals, such as day length and low temperatures.
In addition, some other genetic pathways, such as the ones that













Fig. 1. Arabidopsis thaliana life cycle and flower architecture.
After seed germination, the young seedling grows in size during the
vegetative phase. Upon receiving appropriate environmental and
endogenous signals, the plant undergoes the floral transition, the
change from vegetative to reproductive growth, which results in the
continuous formation of flowers in the bolting inflorescence. A typical
flower consists of sepals, petals, stamens and carpels (from the
outermost to the innermost whorls). Usually, sepals protect the fragile
flower, whereas petals attract insects for pollination through their
bright colours. The male organs, stamens, and the female organs,
carpels, are responsible for fertilization and for the generation of


























Fig. 2. Arabidopsis floral meristem development. (A) Schematic of
marker gene expression in early floral meristems (FMs). The stages of
emerging FMs are indicated as 0, 1 or 2 (Smyth et al., 1990). In the
stage 0 FM, which is also called the floral anlage, the transcription
factor AINTEGUMENTA (ANT), which belongs to the plant-specific
AP2/EREBP family of transcription factors, is expressed in the peripheral
region, whereas the homeobox gene SHOOT MERISTEMLESS (STM) is
not expressed (Long and Barton, 2000). (B) Scanning electron
micrograph of the top view of an Arabidopsis inflorescence meristem
(IM). The stages of emerging FMs are indicated as 1, 2 or 4 (Smyth et
al., 1990). Scale bar: 100μm. (C) Developmental routes from IMs to
FMs in Arabidopsis, rice and maize. In Arabidopsis, FMs are produced
either directly from primary IMs or from branch meristems (BMs; also
called secondary IMs) that are derived from primary IMs. In rice, the
main inflorescences terminate after the generation of several lateral
branches. Each BM gives rise to spikelet meristems (SMs), each of
which eventually produces a single FM. In maize, primary IMs produce
spikelet pair meristems (SPMs) or BMs that further differentiate into













respond to changes in light quality and ambient temperature, have
been proposed to affect flowering. The flowering signals perceived
by these pathways converge on the transcriptional regulation of two
major floral pathway integrators, FLOWERING LOCUS T (FT) and
SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1).
These, in turn, activate FM identity genes, such as LEAFY (LFY) and
APETALA1 (AP1), to produce FMs on the flanks of IMs (Blazquez
and Weigel, 2000; Kardailsky et al., 1999; Kobayashi et al., 1999;
Lee et al., 2000; Lee et al., 2008; Liu et al., 2008; Samach et al.,
2000).
The integration of flowering signals is tightly controlled by a
repressor complex that consists of two MADS-box transcription
factors, FLOWERING LOCUS C (FLC) and SHORT
VEGETATIVE PHASE (SVP) (Hartmann et al., 2000; Li et al.,
2008; Michaels and Amasino, 1999; Sheldon et al., 1999). The
vernalization and autonomous pathways mainly repress FLC
expression through the modulation of its chromatin structure
(Michaels, 2009), which promotes flowering by antagonizing the
repressive effect of FLC on FT and SOC1 expression (Helliwell et
al., 2006; Searle et al., 2006). FLC represses FT expression in
leaves; this blocks the translocation of the systemic flowering
signals that contain FT protein to the SAMs, an event that is required
for activating the expression of SOC1 and AP1 (Abe et al., 2005;
Corbesier et al., 2007; Searle et al., 2006; Wigge et al., 2005). FLC
also directly represses the expression of SOC1 and of the FT
cofactor FD in SAMs (Searle et al., 2006), thus further inhibiting the
meristem response to flowering signals.
In vegetative seedlings at various ages, the FLC-SVP repressor
complex responds mainly to flowering signals that are perceived by
the autonomous, the thermosensory and the GA pathways
(Hartmann et al., 2000; Lee et al., 2007b; Li et al., 2008). Their
mutually dependent function directly regulates SOC1 expression in
whole seedlings, as well as FT expression in leaves. Thus, most
flowering pathways (with the exception of the photoperiod pathway)
appear to promote the expression of FT and SOC1 predominantly
through derepression mechanisms (Fig. 3).
Unlike FT, SOC1 is highly expressed in IMs, which makes it a good
candidate for contributing to the spatial specificity of FM initiation,
during which a small block of cells (normally four cells) on the IM
flank acquire progenitor fate for a future FM (Bossinger and Smyth,
1996; Lee et al., 2000; Samach et al., 2000). By contrast, SVP is
expressed in both leaves and SAMs during the vegetative phase and
is absent from IMs during the reproductive phase (Hartmann et al.,
2000). As the repressive effect of SVP on SOC1 transcription
outweighs the effects of SOC1 activators such as FT and
AGAMOUS-LIKE 24 (AGL24) (Li et al., 2008), a decrease in SVP
expression is a key event required for the transformation of vegetative
SAMs into IMs. The abundance of SVP protein has been found to
increase in certain circadian clock mutants under continuous light
(Fujiwara et al., 2008), but how SVP expression is gradually
downregulated in SAMs during floral transition remains unclear.
Overall, the interaction of the above-mentioned flowering regulators
in various flowering genetic pathways mediates the transition from
vegetative SAMs to IMs, from which FMs are derived.
Protruding out: FM initiation
The regulation of FM initiation not only involves the activation of
two well-known FM identity genes, LFY and AP1, but also depends
on the control of auxin flux and tissue polarity (Blazquez et al.,
2006). Even though the latter two factors have seldom been
reviewed in association with FM specification, they are temporally
and spatially correlated to the onset of FM development (Blazquez
et al., 2006; Heisler et al., 2005). In this section, we discuss how the
distribution of auxin, which is affected by its biosynthesis, transport
and signalling, influences FM initiation in Arabidopsis and
monocotyledons (see Glossary, Box 1; see also Fig. 4). In addition,
we also review the regulation of tissue polarity during FM initiation.
Mechanisms of FM initiation
In Arabidopsis, the heterogeneous distribution of auxin affects the
initiation of all axillary meristems (Benkova et al., 2003), including
the initiation of FMs in IMs. Here, auxin accumulates at the
positions of floral anlagen, but gradually decreases in concentration
with increasing distance from them (Heisler et al., 2005; Oka et al.,
1999; Reinhardt et al., 2003). This pattern of auxin distribution is
mediated by both auxin biosynthesis and polar auxin transport. At
the early stages of reproductive development, FM formation is
abolished in Arabidopsis quadruple mutants (yuc1 yuc2 yuc4 yuc6)
of the YUCCA (YUC) family of flavin monooxygenases, which are
essential for auxin biosynthesis (Cheng et al., 2006). Simultaneous
mutations in these four YUC genes result in a naked inflorescence
stem. Similar phenotypes are seen in plants with loss-of-function
mutations in NAKED PINS IN YUC MUTANTS (NPY) and AGC
KINASE genes. Although these genes have been proposed to act in
a linear pathway together with YUC genes (Cheng et al., 2008), their
exact function in auxin-mediated organogenesis remains to be
elucidated further. Loss-of-function mutations in the auxin efflux
carrier PIN-FORMED 1 (PIN1), which regulates polar auxin
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Fig. 3. Regulation of FM identity. FM identity is regulated through
the integration of multiple flowering signals, with the floral pathway
integrators SOC1 and FT (blue) perceiving environmental and
developmental signals through several flowering genetic pathways.
During the floral transition, the FLC-SVP complex (yellow) represses
SOC1 expression in the leaf and SAM and FT expression in the leaf,
whereas the FT-FD complex promotes the expression of SOC1, AP1, and
probably FUL in the SAM. SOC1 and AGL24 directly upregulate the
expression of one another and also form a protein complex, which is
localized at the SAM. In the IM, the increased activity of SOC1 and FT
promotes the expression of several FM identity genes, including LFY,
AP1, CAL and FUL, which in turn specify FM identity on the flanks of
the IM. Green arrows indicate promoting effects, whereas red linkers
indicate repressive effects. Two linked ellipses indicate protein-protein
interactions. Asterisks indicate direct transcriptional regulation. AGL24,
AGAMOUS-LIKE 24; AP1, APETALA1; CAL, CAULIFLOWER; FLC,
FLOWERING LOCUS C; FM, floral meristem; FT, FLOWERING LOCUS T;
FUL, FRUITFULL; IM, inflorescence meristem; LFY, LEAFY; SAM, shoot
apical meristem; SOC1, SUPPRESSOR OF OVEREXPRESSION OF












(Vernoux et al., 2000). The live imaging of Arabidopsis IMs with
concurrent monitoring of the expression of PIN1 and of the auxin-
responsive reporter DR5 has further revealed that auxin transport is
intimately associated with FM initiation (Heisler et al., 2005).
The regulation of PIN1 activity also affects FM initiation.
Intercellular auxin fluxes are controlled by the phosphorylation
status of PINs, which is mediated through the antagonistic regulation
of an AGC kinase, PINOID (PID), and PROTEIN PHOSPHATASE
2A (PP2A) (Michniewicz et al., 2007). As pid mutants fail to
produce FMs (Cheng et al., 2008), the modulation of the PIN1
phosphorylation status appears to play a role in FM initiation.
Interestingly, additional factors that regulate PIN1 function have
been identified recently. For example, P-glycoprotein (PGP)
transport proteins, which have been suggested to form another group
of auxin efflux carriers, genetically interact with PINs in a concerted
fashion during organogenesis (Mravec et al., 2008), whereas
AUXIN RESISTANT 1 (AUX1), an auxin influx carrier, and its
paralogues LIKE AUX 1, 2 and 3 (LAX1, LAX2 and LAX3) are
required for mediating coordinated PIN1 polarization (Bainbridge
et al., 2008). Whether these factors are also involved in PIN1-
mediated FM initiation, however, remains to be elucidated.
Consistent with the roles of auxin biosynthesis and transport in
FM initiation discussed above, auxin signalling also has a crucial
function in this process. Auxin response factors (ARFs) are
considered to be key components of the auxin signalling pathway,
and loss-of-function mutations in the ARF gene MONOPTEROS
(also known as ARF5) abolish FM initiation (Przemeck et al., 1996).
The phenotype seen in these mutants is similar to that observed in
yuc, pin1 and pid mutant plants. These results clearly show that
auxin plays an indispensable role in FM initiation.
Several lines of evidence have provided a molecular link between
auxin and FM specification. First, LFY expression is reduced and
changed into a ring-like pattern that encircles the IM of pin1
mutants, and the expression of LFY downstream targets, such as AP1
and AP3, also decreases in pin1 (Vernoux et al., 2000). Second, the
dynamic expression of PIN1 protein corresponds to LFY expression
at the sites of FM initiation (Heisler et al., 2005). Third, an auxin
response element has been identified in the LFY promoter that might
be recognized by an ARF (Bai and DeMason, 2008). Taken together,
these observations indicate that the initiation of FMs, which is
regulated by auxin, might be integrated with the specification of FM
identity by LFY.
Conservation of FM initiation mechanisms
Recent progress suggests that the regulatory mechanisms of FM
initiation through auxin biosynthesis and transport might be partially
conserved from Arabidopsis to monocotyledons (see Glossary, Box
1). The maize gene sparse inflorescence 1 (spi1) encodes a YUC-like
flavin monooxygenase that is involved in local auxin biosynthesis
and in the regulation of axillary meristems, including the initiation
of spikelet meristems and FMs (Gallavotti et al., 2008a). In addition,
PIN1-like genes have been identified in maize and rice (Carraro et
al., 2006; Paponov et al., 2005). Zea mays PIN1a (ZmPIN1a), a
PIN1 homologue in maize, is localized in the L1 layer of axillary
meristems and IMs (Gallavotti et al., 2008b), which is comparable
to the localization of PIN1 in Arabidopsis. Moreover, ZmPIN1a
activity rescues Arabidopsis pin1-3, resulting in the re-establishment
of auxin maxima and the re-formation of FMs, which indicates that
the auxin transport mechanism during FM initiation might be
conserved between Arabidopsis and grasses (Gallavotti et al.,
2008b). Interestingly, the phosphorylation and localization of
ZmPIN1a is also regulated by a homologue of PID, BARREN
INFLORESCENCE2 (BIF2) (McSteen et al., 2007; Skirpan et al.,
2009), which suggests similarities in the regulation of auxin
transporter trafficking between maize and Arabidopsis. In rice
(Oryza sativa), OsPID, another orthologue of PID, has been
suggested to function in polar auxin transport (Morita and Kyozuka,
2007), but its role in FM initiation is so far unknown.
Tissue polarization during FM initiation
FM initiation inherently involves the establishment of tissue polarity,
as illustrated by the fact that several polarity genes were found to
mark the abaxial and adaxial sides (see Glossary, Box 1) of FMs.
The Arabidopsis FILAMENTOUS FLOWER (FIL) gene, which
encodes a member of the YABBY family of transcription factors, is
specifically expressed on the abaxial side of emerging FMs (Sawa
et al., 1999b; Siegfried et al., 1999). In fil mutants, FMs differentiate
into various structures, including flowerless pedicels (see Glossary,
Box 1) and curled sepals (Chen et al., 1999). Moreover, crossing fil
mutants with ap1 or lfy mutants results in plants with enhanced
defects in FM formation (Sawa et al., 1999a). These observations
suggest that properly established tissue polarity regulated by FIL is
required, together with AP1 and LFY, for FM specification.
It has been shown that the initial asymmetric development of leaf
primordia is controlled by a mutual antagonism between the
PHABULOSA (PHB)-like genes, which promote adaxial cell fate,






























Fig. 4. Regulation of FM initiation by auxin and tissue polarity.
Proteins involved in auxin biosynthesis (YUCs), transport (PINs, PGPs,
AUX1, LAXs, PID, PP2A) and signalling (ARFs) coordinate the polarized
auxin distribution that affects FM initiation in the IM, probably through
the regulation of LFY activity and tissue polarity. The interaction
between adaxial-fate-promoting regulators (PHB, PHV and REV) and
abaxial-fate-promoting regulators (KANs and YABs) establishes a tissue
polarity that might contribute to proper FM initiation. The link between
auxin signalling and FM polarity, which could be mediated by the
interaction between ARFs and abaxial-promoting regulators, has not
yet been elucidated (indicated by a question mark). The hypothetical
regulation of LFY by ARF is indicated by a dotted line. Green arrows
indicate promoting effects, whereas red linkers indicate repressive
effects. ARF, AUXIN RESPONSE FACTOR; AUX1, AUXIN RESISTANT 1;
FM, floral meristem; KAN, KANADI; LAX, LIKE AUX1; PGP, P-
glycoprotein; PID, PINOID; PIN, PIN-FORMED; PP2A, PROTEIN
PHOSPHATASE 2A; REV, REVOLUTA; PHB, PHABULOSA; PHV,












and the abaxial-fate-promoting KANADI (KAN) genes. This
antagonism, in turn, affects polar YABBY expression, which
promotes abaxial cell fate (Eshed et al., 2001; Eshed et al., 2004).
Whether this mechanism also regulates the function of FIL in FMs
remains unknown. PHB, PHAVOLUTA (PHV) and REVOLUTA
(REV) are a group of class III homeodomain/leucine zipper (HD-
ZIP) genes that regulate adaxial cell fate in lateral organs (Emery et
al., 2003; McConnell et al., 2001). Among these genes, REV has
been demonstrated to play an important role in FM formation
(Otsuga et al., 2001). In rev mutants, some FMs develop with
reduced size. Notably, fil rev double mutants show greatly enhanced
floral defects, with FMs transforming completely into pedicels
(Chen et al., 1999). Thus, the interaction between adaxial-promoting
genes, such as REV, and abaxial-promoting genes, like FIL, might
determine tissue polarity in a way that is important for the proper
initiation of FMs.
Interestingly, ETTIN, which is also known as AUXIN RESPONSE
TRANSCRIPTION FACTOR 3 (ARF3), regulates organ asymmetry
through the modulation of KAN activity (Pekker et al., 2005). This
links auxin signalling with the regulation of tissue polarity and
indicates that tissue polarity is fine-tuned through certain ARFs that
are stimulated by auxin gradients. Furthermore, during FM
initiation, PIN1 expression marks a domain between abaxial and
adaxial cell identities, as marked by FIL and REV expression,
respectively. This lends further support to the notion that auxin
transport patterns influence organ polarity in FMs (Heisler et al.,
2005). It will be instructive to investigate how auxin is involved in
FM initiation. One possibility is that it affects FM identity through
LFY and mediates FM polarity by regulating the expression of
abaxial and adaxial genes (Fig. 4).
Acquisition of FM identity
The emerging FMs are specified by the so-called FM identity genes,
including LFY and AP1. The characterization of FM identity genes
in Arabidopsis and the isolation of their homologues in different
plant species suggest that some conserved mechanisms underlie FM
specification, even though the homologues of FM identity genes
might have evolved various functions in different taxonomic groups.
Regulation of LFY and AP1
LFY and AP1 are two major FM regulators that specify FM identity
on the flanks of IMs in Arabidopsis (Bowman et al., 1993; Mandel
and Yanofsky, 1995; Weigel et al., 1992). When the activity of either
gene is lost, FMs that would normally develop into flowers are partly
converted into IMs. It has long been known that the shoot identity
gene TERMINAL FLOWER 1 (TFL1) antagonizes LFY and AP1 and
thus counteracts the establishment of FM identity (Liljegren et al.,
1999; Ratcliffe et al., 1999). However, this antagonistic interaction
does not explain the puzzle of how LFY and AP1 are regulated in
response to upstream flowering signals to specify FMs in IMs, as the
mechanism by which TFL1 is integrated into the flowering
regulatory networks remains unclear. Recent studies on the
integration of flowering signals have, however, shed some light on
the regulation of LFY and AP1 (Fig. 3).
LFY plays a dual role in regulating FM identity and floral organ
patterning (Parcy et al., 1998), and its expression is affected by
several flowering pathways (Blazquez and Weigel, 2000). Among
all the known flowering-time factors, SOC1 is currently the only
transcription factor known to bind to the LFY promoter in vivo, and
this binding process is partly mediated through the interaction of
SOC1 with AGL24 (Lee et al., 2008; Liu et al., 2008). SOC1
expression gradually increases in SAMs during the floral transition
in response to multiple flowering signals (Lee et al., 2000; Samach
et al., 2000). This increase could provide temporal and spatial cues
for promoting LFY expression in the incipient floral primordia to the
threshold levels that are required for FM specification.
Three closely related MADS-box genes, AP1, CAULIFLOWER
(CAL) and FRUITFULL (FUL), also appear to be potential
activators of LFY during the floral transition (Ferrandiz et al., 2000).
A combination of mutations in these three genes produces leafy
shoots in place of flowers (Ferrandiz et al., 2000). The abolishment
of LFY upregulation is partially responsible for this phenotype,
which indicates that FUL, AP1 and CAL act redundantly upstream
of LFY in determining FM identity. The functional redundancy
between FUL and SOC1 also masks their roles in FM formation
(Melzer et al., 2008). These two genes share a similar expression
pattern in both IMs and FMs. soc1 ful double mutant plants show
strongly delayed flowering when grown under long day conditions
when compared with the single mutants. Interestingly, the apical IMs
of soc1 ful revert into vegetative SAMs after the plants enter the
reproductive phase (Melzer et al., 2008). This pattern is recurrent,
which is reminiscent of the lifestyle of perennial plants. These
observations demonstrate that SOC1 and FUL not only control
flowering time, but also play an important role in meristem
determinacy, which might be partly attributed to their function in
modulating LFY expression. Another key floral pathway integrator,
FT, and its cofactor, FD, activate SOC1 expression in IMs (Abe et
al., 2005; Corbesier et al., 2007; Wigge et al., 2005) and promote
FUL expression in leaves as well as, potentially, in IMs (Teper-
Bamnolker and Samach, 2005). Therefore, FT could control LFY
expression through both SOC1 and FUL during the floral transition.
AP1 itself is another major FM identity gene that is specifically
expressed in emerging FMs (Mandel et al., 1992). During the floral
transition, AP1 expression is directly activated by LFY and by a
complex consisting of FT and FD (Abe et al., 2005; Wagner et al.,
1999; Wigge et al., 2005). AP1 function overlaps with that of CAL
genes, as ap1 cal1 mutants show a complete transformation of FMs
into IMs (Bowman et al., 1993). LFY determines FM identity by
directly controlling the expression of at least three transcription
factors, namely AP1, CAL, and LATE MERISTEM IDENTITY 1
(LMI1), which encodes a class I HD-ZIP transcription factor (Saddic
et al., 2006; William et al., 2004). Together with LFY, LMI1 controls
CAL expression directly. This interaction is suggested to form a
coherent feed-forward loop that fine-tunes the FM identity switch in
response to environmental stimuli (Saddic et al., 2006). These data
suggest that the network that converges on the regulation of LFY and
AP1 by SOC1 and FT might be an essential molecular link that
translates the multiple flowering signals integrated by FT and SOC1
into the actual specification of FMs by LFY and AP1 (Fig. 3).
Homologues of LFY and AP1
Since the isolation of the LFY homologue FLORICAULA (FLO) and
of the AP1 homologue SQUAMOSA (SQUA) in snapdragon
(Antirrhinum majus) (Coen et al., 1990; Huijser et al., 1992),
additional homologues of LFY and AP1 have been identified in
many other plant species. LFY homologues are present in all the land
plants that have been analyzed to date, including moss (Chujo et al.,
2003). A LFY homologue appears to have been recruited to flower
development in the ancestor of all angiosperms, as it is involved in
this process in all angiosperm species tested so far (Benlloch et al.,
2007; Blazquez et al., 2006). The extent of phenotypical
complementation of Arabidopsis lfy mutants by different LFY
homologues seems to be related to the taxonomic distance from











homologues to full complementation by angiosperm homologues
(Maizel et al., 2005). In some instances, however, LFY homologues
seem to have been recruited to play additional roles along with their
conserved function in FM specification. For example, some LFY
homologues, such as UNIFOLIATA in pea and FALSIFLORA in
tomato, regulate leaf development (Hofer et al., 1997; Molinero-
Rosales et al., 1999), whereas studies on the function of maize and
rice FLO/LFY genes have revealed a role for monocotyledonous
LFY homologs in inflorescence branching (Bomblies et al., 2003;
Kyozuka et al., 1998).
Phylogenetic analyses of AP1/FUL-like MADS-box genes reveal
the presence of two gene clades within the core eudicotyledons (see
Glossary, Box 1), euAP1 (e.g. AP1) and euFUL (e.g. FUL) (Litt and
Irish, 2003). The homologues of the euAP1 gene clade are found
only in core eudicotyledons, which includes the majority of extant
angiosperm species (Litt and Irish, 2003). This suggests that euAP1
function might be specific to flower formation in core
eudicotyledons. Similar to LFY homologues, however, some
homologues of FUL-like genes, which are not restricted to
eudicotyledons, show novel functions in certain plant species in
addition to their role in specifying FM identity (Benlloch et al.,
2007). In grasses, for example, FUL1 and FUL2 have evolved
additional functions in regulating the floral transition (Preston and
Kellogg, 2007).
Grass meristem identity genes
Apart from the homologues of Arabidopsis FM identity genes, other
meristem identity genes that are unique to grass species have been
isolated. FM initiation in maize is controlled by an APETALA2
(AP2)-like gene, indeterminate spikelet1 (ids1), and by its related
gene sister of indeterminate spikelet1 (sid1). Loss-of-function
mutations in either of these genes abolish FM initiation, which
indicates that in grasses, the AP2 genes might replace LFY to
function in FM identity (Chuck et al., 2008). Therefore, the
mechanisms that underlie the specification of FMs in grasses are
partly similar to those in Arabidopsis; however, grasses, which
frequently have complex floral and inflorescence structures, might
also have evolved some unique genetic and molecular programmes
of FM specification.
Maintenance of FM identity
In the course of flowering, the emerging FMs can potentially take a
developmental step backwards to turn into inflorescence shoots, a
phenomenon called floral reversion, or precociously differentiate to
produce abnormal floral organs. Therefore, simply establishing FM
identity is not sufficient for securing normal flower development.
Additional mechanisms that are responsible for the active
maintenance of floral identity in FMs appear to be required until
normal floral patterning occurs at a later stage. In this section, we
discuss the evidence in favour of the existence of such mechanisms.
Repression of floral reversion
In Arabidopsis, floral reversion often occurs in FM identity mutants,
such as lfy and ap1, which indicates that the mutated genes play key
roles in maintaining FM identity by repressing floral reversion.
Regulation of AGL24, SVP and SOC1
ap1 mutants are characterized by the generation of secondary
flowers or inflorescences in individual FMs, which signifies a partial
reversion from FMs to IMs (Bowman et al., 1993). These
phenotypes appear to be partially attributable to the activity of three
flowering-time genes, AGL24, SVP and SOC1 (Liu et al., 2007; Yu
et al., 2004), because loss-of-function mutations in these three genes,
either individually or combined, alleviate the FM defects seen in ap1
by lowering the frequency of secondary structure production.
Indeed, the expression of these genes is upregulated in ap1 FMs.
Consistently, the transgenic expression of AGL24 under the control
of the constitutive 35S promoter (35S:AGL24) promotes the
transformation of FMs into IMs, a phenotype that is enhanced by
35S:SOC1, whereas the transgenic expression of 35S:SVP promotes
the transformation of FMs into vegetative shoots (Liu et al., 2007;
Masiero et al., 2004; Yu et al., 2004). It has been shown that induced
AP1 activity represses the expression of AGL24, SVP and SOC1
(Liu et al., 2007; Wellmer et al., 2006; Yu et al., 2004), and that AP1
binds directly to the promoters of these three genes (Gregis et al.,
2008; Liu et al., 2007). These results suggest that the suppression of
these flowering-time genes by AP1 is one of the processes involved
in maintaining FM identity (Fig. 5).
In contrast to AP1, LFY might not directly repress AGL24, SVP
or SOC1. The repression of AGL24 by induced LFY activity could
be mediated through certain unknown mediator(s) (Yu et al., 2004).
Moreover, SVP and SOC1 are not upregulated in lfy FMs (Gregis et
al., 2008; Liu et al., 2007). As LFY directly upregulates AP1 in FMs,
it is possible that LFY specifies FMs partly through AP1 (William et
al., 2004).
Similar to ap1 mutants, secondary flowers have also been
observed in Arabidopsis plants that carry mutations in three of the
SEPALLATA (SEP) floral identity genes, SEP1, SEP2 and SEP3
(Fig. 5), and, at a higher frequency, in sep1 sep2 sep3 sep4 quadruple
mutants. This indicates that, in addition to their role in specifying
floral identity, SEP1, SEP2, SEP3 and SEP4 are also involved in FM
specification (Ditta et al., 2004). Both AGL24 and SVP are expressed




















Fig. 5. Maintenance of FM identity. FM identity is maintained
through a balance between FM indeterminacy and differentiation. The
activation of floral homeotic genes (e.g. AG) in FMs requires the activity
of LFY, WUS and SEPs. In FMs prior to stage 3, AG is not activated
because the expression of one of its upstream regulators, SEP3, is
repressed by the flowering-time genes SVP, SOC1 and AGL24 (blue),
the expression of which is controlled by AP1 and SEPs. By stage 3, the
repression of SVP, SOC1 and AGL24 by AP1 and SEPs derepresses SEP3,
which, together with LFY, WUS and other SEPs, activates AG. SVP,
SOC1, AGL24 and WUS promote FM indeterminacy, whereas floral
homeotic genes (e.g. AG and SEPs) promote floral organogenesis.
Several regulatory feedback loops regulate FM homeostasis to mediate
the transition from FM indeterminacy to differentiation. Green arrows
indicate promoting effects, whereas red linkers indicate repressive
effects. Asterisks indicate direct transcriptional regulation. AG,
AGAMOUS; AGL24, AGAMOUS-LIKE 24, AP1, APETALA1; FM, floral
meristem; LFY, LEAFY; SEP, SEPALLATA; SOC1, SUPPRESSOR OF












in the ectopic FMs of sep1 sep2 sep3 mutants. Chromatin
immunoprecipitation (ChIP) results have further demonstrated the
direct binding of SEP3 to AGL24 and SVP promoters, which
indicates that SEP3 is involved in directly repressing AGL24 and
SVP in FMs (Gregis et al., 2008). SEP1, SEP2 and SEP4 are
expressed throughout stage 2 FMs (Ditta et al., 2004; Flanagan and
Ma, 1994; Savidge et al., 1995); this expression pattern overlaps
with AP1 expression. Although SEP3 transcripts start to accumulate
in the upper portion of late stage 2 FMs (Mandel and Yanofsky,
1998), protein localization analysis has recently shown the presence
of SEP3 protein in FMs from stage 1 onwards (Urbanus et al., 2009).
Furthermore, AP1 interacts with SEP proteins (except SEP2) in
yeast (de Folter et al., 2005). These results indicate that AP1 and
SEPs might form protein complexes to maintain FM identity by
directly suppressing the expression of AGL24 and SVP. In addition,
ectopic AGL24 and SVP expression is also detectable in mutants
with loss-of-function mutations in the floral identity gene
AGAMOUS (AG), which display defects in FM termination and in
the growth of reproductive organs (Gregis et al., 2008; Lenhard et
al., 2001; Mizukami and Ma, 1997). Therefore, the precise control
of AGL24 and SVP expression seems to be a consistent mechanism
that is required for FM specification and flower development (Fig.
5).
However, the role played by AGL24 and SVP in FMs is still
unclear. Based on the alleviation of ap1 floral phenotypes by agl24
or svp, it has been proposed that, in the absence of AP1, AGL24 or
SVP might recapture its function during the floral transition to
promote either inflorescence or vegetative shoot identity in FMs,
respectively (Liu et al., 2007; Yu et al., 2004). The observation that
FMs are transformed into IMs or shoot meristems upon
overexpression of AGL24 or SVP supports this possibility. By
contrast, based on the FM-to-IM transition that is observed in ap1
Table 1. Members of StMADS11-clade MADS-box genes that affect floral meristem development





Transformation of flowers into shoot-like
structures with chimaeric characteristics of




Hartmann et al., 2000;
Liu et al., 2007;
Masiero et al., 2004
AGAMOUS-LIKE 24
(AGL24)
Leaf-like sepals and petals, secondary
inflorescences in axils of sepals,










Flowers with leaf-like structures, branched
trichomes on sepals, petals and carpels,
initiation of secondary inflorescences







Masiero et al., 2004
Brassica
campestris
BcSVP Pale green petals, elongation of the carpel,









Leaf-like perianth organs with increased
number of trichomes, indeterminate











Leaf-like sepals and petals, inflorescences
within flowers (in Arabidopsis); inhibited
spike development, floral reversion with
florets replaced by inflorescence-like
structures (in barley).
Unknown Trevaskis et al., 2007
Barley MADS10
(BM10)
Leaf-like sepals and petals, inflorescences
within flowers (in Arabidopsis); inhibited
spike development, floral reversion with
florets replaced by inflorescence-like
structures (in barley).
Unknown Trevaskis et al., 2007
Lolium
perenne
LpMADS10 Enlarged leaf-like sepals and small narrow
greenish petals in svp41 (in Arabidopsis).
Unknown Petersen et al., 2006
Oryza sativa OsMADS22 Occasional secondary flowers in axils of
leaf-like sepals; trichomes on sepals (in
Arabidopsis); aberrant floral
morphogenesis, such as undeveloped




Fornara et al., 2008;
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Sentoku et al., 2005
OsMADS55 fo noisserpeR.)ecir ni( sterolf lamronbA
brassinosteroid
responses (in rice).
Lee et al., 2008b
OsMADS47 Occasional secondary flowers in axils of leaf-
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agl24 svp triple mutants (Gregis et al., 2008), AGL24 and SVP have
been suggested to promote FM fate. Although the function of
AGL24 and SVP in FM specification needs to be elucidated further,
the current consensus appears to be that, overall, these two factors
promote FM indeterminacy (Fig. 5).
Homologues of AGL24 and SVP
AGL24 and SVP are members of the StMADS11 clade of MADS-box
genes (Becker and Theissen, 2003). Recent studies have identified
members of this clade in a wide range of plant species. Notably, the
overexpression of many StMADS11-like genes from dicotyledons
and monocotyledons in Arabidopsis results in floral phenotypes
similar to those produced by the transgenic expression of 35S:SVP
or 35:AGL24 (Table 1), which indicates that these genes could share
common functional properties in FM development. In Antirrhinum,
the StMADS11 member INCOMPOSITA (INCO) acts with FLO and
SQUA to specify FM identity (Masiero et al., 2004). Interestingly,
INCO has been found to either inhibit or promote FM identity in
different Antirrhinum mutant backgrounds (Masiero et al., 2004).
As squa inco double mutants produce more flowers than do squa,
INCO appears to prevent the development of reproductive axillary
meristems into flowers in this context. Furthermore, the
overexpression of INCO in Arabidopsis produces flowers with
vegetative characters that are similar to the flowers of 35S:SVP
transgenic plants. These results suggest that INCO represses FM
identity. By contrast, in Antirrhinum flo-662 inco double mutants,
inco enhances the FM defect shown in the weak flo-662 mutant, with
axillary inflorescences being generated instead of flowers, which
suggests that INCO and FLO act together to promote FM identity.
These contradictory functions of INCO in the regulation of FM
identity could be due to the interaction of INCO with additional
protein partners. It has been suggested that, in the presence of
SQUA, the INCO-SQUA heterodimer might act together with FLO
to specify FM identity whereas, in the absence of SQUA, the INCO
homodimer might inhibit FM identity (Masiero et al., 2004). It is
noteworthy that protein-protein interactions between AP1
homologues (e.g. SQUA) and StMADS11-clade regulators (e.g.
INCO) have been detected in several plant species, such as
Arabidopsis (de Folter et al., 2005), Pharbitis nil (Kikuchi et al.,
2008) and wheat (Triticum aestivum L.) (Kane et al., 2005). Thus, it
will be important to investigate whether the function of StMADS11-
like genes in regulating FM identity is modulated through protein
interactions with additional FM identity genes, particularly with
members of the AP1/SQUA gene clade.
In monocotyledons, StMADS11-like genes also affect FM
identity. The overexpression of barley MADS1 (BM1) and BM10
inhibits floral development and results in floral reversion in both
barley and Arabidopsis (Trevaskis et al., 2007). In addition, the
overexpression of Oryza sativa MADS22 (OsMADS22) or
OsMADS47 in Arabidopsis causes floral reversion and floral defects
that are similar to the phenotypes observed when overexpressing
SVP or AGL24 (Fornara et al., 2008). These results indicate that
StMADS11-clade genes might play conserved roles in regulating FM
identity. Although the mechanisms of action of these genes still need
to be investigated further, the appropriate control of their expression
in FMs seems to be crucial for the maintenance of FMs, which lays
the foundation for further normal floral patterning.
Repression of floral homeotic genes
Another key aspect in the maintenance of FM identity is the
prevention of precocious differentiation triggered by the onset of
expression of floral homeotic genes that specify floral organ identity.
In Arabidopsis, each whorl of floral organs is determined by the
combinatorial action of the class A, class B and class C floral
homeotic genes (Box 2) (Bowman et al., 1991; Coen and
Meyerowitz, 1991). Three out of four Arabidopsis floral organ
identities, namely petals (see Glossary, Box 1), stamens and carpels,
are controlled by class B and/or class C homeotic genes, which are
only activated in early stage 3 FMs. In many mutants in which class
B or class C genes are precociously activated in a deregulated
pattern, FMs prior to stage 3 that contain insufficient numbers of
meristem cells are compelled to enter the floral organogenesis
program, which results in a reduced number of floral organs and in
the deregulation of floral organ identities. It appears that the
repression of floral homeotic genes is the ‘default’ programme in
emerging FMs to ensure that floral anlagen fully develop into stage
3 FMs that contain sufficient cells for the proper patterning of
whorled organs by floral homeotic genes. During the past few years,
efforts have been made to understand how floral homeotic genes are
appropriately repressed in emerging FMs (Table 2).
Transcriptional regulators
SEUSS (SEU) and LEUNIG (LUG) are transcriptional co-
regulators that negatively regulate the expression of the class C
floral homeotic gene AG (Franks et al., 2002; Liu and
Meyerowitz, 1995). Flowers of Arabidopsis seu lug double
mutants exhibit severe floral homeotic transformation, with
ectopic AG expression throughout the FMs. SEU interacts with
LUG to form a protein complex (Sridhar et al., 2004), and ChIP
assays have shown that this SEU-LUG complex directly
associates with the AG promoter (Sridhar et al., 2006). Because
neither SEU nor LUG contains a DNA-binding domain, an
interesting question is how they are directed to the promoters of
their target genes. AP1 has been identified as an interacting
partner of SEU (Sridhar et al., 2006). Comprehensive yeast two-
hybrid assays among Arabidopsis MADS-box proteins show that
AP1 can also interact with AGL24 or SVP (de Folter et al., 2005).
Moreover, the LUG-SEU co-repressor complex interacts with
AP1-AGL24 and AP1-SVP dimers (Gregis et al., 2006), which
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Box 2. The ABC model of floral organ development in
Arabidopsis
According to the ABC model of Arabidopsis floral organ
development, each whorl of floral organs is determined by the
combinatorial action of the class A, class B and class C floral
homeotic genes. Class A floral homeotic genes specify sepals in the
first whorl. A combination of class A and class B genes specifies
petals in the second whorl, whereas a combination of class B and
class C genes specifies stamens in the third whorl. Carpel identity in
the fourth whorl is determined by the class C gene alone.














indicates that these proteins might form a higher-order protein
complex to control target gene expression. The observations that
agl24 svp ap1 triple mutants show lug-like floral defects and that
AG is ectopically expressed in FMs of agl24 svp double mutants
support a common role for AP1, AGL24 and SVP in preventing
the ectopic expression of AG in FMs (Gregis et al., 2006).
Recently, it has been shown that the expression of class B and
class C homeotic genes in FMs before stage 3 is redundantly
repressed by AGL24, SVP and SOC1 through the direct repression
of SEP3 (Liu et al., 2009). In soc1 agl24 svp triple mutants, strong
ectopic SEP3 activity interacts with LFY activity to
synergistically activate class B and class C floral homeotic genes
in floral anlagen and emerging FMs, resulting in striking floral
defects, such as the loss of most floral organs and the generation
of chimeric floral structures (Liu et al., 2009). Thus, AGL24, SVP
and SOC1 suppress SEP3 to regulate the timing of floral organ
patterning by inhibiting the ectopic expression of floral homeotic
genes in young FMs. These results suggest that the regulation of
AGL24, SVP and SOC1 at an appropriate level is crucial for the
maintenance of FMs because their elevated expression causes FM
indeterminacy, whereas lower expression causes the precocious
differentiation of FMs (Fig. 5).
The activation of the class C gene AG is required for the
termination of FMs through the repression of a meristem gene,
WUSCHEL (WUS), which is necessary for maintaining FMs in a
proliferative and indeterminate state (Lenhard et al., 2001; Lohmann
et al., 2001); this repression was recently found to be mediated by
the C2H2-type zinc finger protein KNUCKLES (Sun et al., 2009).
LFY and WUS act together to induce AG expression in FMs, and the
participation of SEP3 in AG induction implies that the direct
regulators of SEP3, namely AGL24, SVP and SOC1, play a role in
preventing FM termination through mediation of the timing of AG
expression (Fig. 5).
Chromatin modulators
Another important group of regulators involved in repressing floral
homeotic gene expression are chromatin regulators, many of which
are Polycomb Group (PcG) proteins that affect chromatin states to
Table 2. Arabidopsis genes that prevent precocious activation of floral homeotic genes









BELLRINGER (BLR) Homeobox protein Yes (Bao et al.,
2004)
AG (Bao et al., 2004) Inflorescence apices Unknown



















Unknown AP3, PI, AG (Moon et
al., 2003)


















Unknown AP3, AG (Katz et al.,
2004)
Vegetative tissues Unknown
INCURVATA2 (ICU2) Catalytic subunit of
the DNA
polymerase 
Unknown AP1, AP3, PI, AG, SEP3
(Barrero et al., 2007)
Vegetative tissues Unknown
LEUNIG (LUG) Co-repressor Yes (Conner and
Liu, 2000)
AP3, PI, AG (Liu and
Meyerowitz, 1995)








Unknown AG (Hennig et al.,
2003)
Vegetative tissues Unknown
ROXY1 Glutaredoxin Yes (Xing et al.,
2005)
AG (Xing et al., 2005) Stage 2 FMs (only
found in roxy1 ap1
double mutants)
Unknown






AG (Franks et al., 2002) Stage 2 FMs Yes (Sridhar et
al., 2006)










HP1 homologue Yes (Kotake et
al., 2003)
AP1, AP3, PI, AG, SEP3
(Kotake et al., 2003)













inhibit the transcription of floral homeotic genes (Table 2). The PcG
proteins EMBRYONIC FLOWER 2 (EMF2), CURLY LEAF
(CLF), SWINGER (SWN), FERTILIZATION-INDEPENDENT
ENDOSPERM 1 (FIE1) and MULTICOPY SUPRESSOR OF IRA1
(MSI1) form a putative Polycomb Repressive Complex 2 (PRC2)
that catalyzes the tri-methylation of lysine 27 of histone H3
(H3K27me3) of target genes, leading to their transcriptional
silencing (Chanvivattana et al., 2004; Farrona et al., 2008; Goodrich
et al., 1997; Hennig et al., 2003; Katz et al., 2004). Mutations in clf,
emf2, fie or msi1 cause the ectopic expression of floral homeotic
genes, even in embryos or vegetative seedlings, indicating that these
PRC2 components are required for the repression of floral homeotic
gene expression during plant development. EMBRYONIC
FLOWER 1 (EMF1), a potential PRC1-like factor that maintains the
transcriptional repression of targets by recognizing H3K27me3, acts
together with the EMF2 complex to repress AG expression during
vegetative development (Calonje et al., 2008).
TERMINAL FLOWER 2 (TFL2; also known as LIKE
HETEROCHROMATIN PROTEIN 1, LHP1) is probably also
an Arabidopsis PRC1-like factor and is homologous to
Heterochromatin Protein 1 (HP1) in metazoans and yeast, a protein
that plays important roles in chromatin packaging and gene silencing
(Gaudin et al., 2001; Kotake et al., 2003). TFL2 is expressed in
proliferating cells, including those of FMs, and the encoded TFL2
protein preferentially binds to chromatin marked with H3K27me3
in vivo (Zhang et al., 2007). TFL2 is directly associated with the
regulatory sequences of a group of floral homeotic genes, such as
AP3, PISTILLATA (PI), AG and SEP3, and suppresses their
expression during vegetative growth (Kotake et al., 2003; Turck et
al., 2007; Zhang et al., 2007). The protein interaction between TFL2
and INCURVATA2, a DNA polymerase subunit probably involved
in DNA replication (Barrero et al., 2007), indicates a role for the
replication machinery in the maintenance of gene silencing.
It is noteworthy that almost all of the above-mentioned chromatin
regulators are ubiquitously expressed in Arabidopsis. Thus, an
important question is how they are specifically regulated to permit
the onset of floral homeotic gene expression in FMs at stage 3. A
recent study has revealed that the orchestrated repression of SEP3
by SVP, AGL24 and SOC1 is mediated by recruiting two interacting
chromatin regulators, TFL2 and SAP18, a member of the SIN3
histone deacetylase complex (Liu et al., 2009). The downregulation
of AGL24, SVP and SOC1 in FMs disrupts the histone-modification
function of TFL2 and SAP18 at the SEP3 locus, thus derepressing
SEP3, which in turn contributes to the activation of other floral
homeotic genes such as AP3, PI and AG. This finding suggests that
the developmental specificity of chromatin regulators could be
achieved by regulating the levels of their interacting transcription
factors.
Conclusions
Over the past few years, an ever-expanding list of regulators has
emerged that form regulatory hierarchies to govern the successive
developmental programmes involved in FM specification. The
translation of flowering signals into actual flower formation requires
the coordinated control of these regulatory hierarchies by certain
common factors. In Arabidopsis, the FM identity genes AP1 and
LFY, and the flowering-time genes AGL24, SVP and SOC1,
participate in this control by linking the molecular events that
regulate their activity with the regulation of their downstream
targets. Investigating the homologues of these Arabidopsis genes in
other plant species has unravelled the functional conservation and
divergence of their counterparts in governing the specification of
FMs. These advances in understanding FM specification have,
however, raised some additional questions to which answers are still
outstanding. For example, although we know that auxin contributes
to FM initiation, it is unclear how flowering-time genes affect the
auxin pathway to trigger FM formation, and how the auxin pathway
interacts with known FM regulators, such as LFY and AP1, to
specify FM identity. In addition, the biological significance of FM
polarity regulation remains to be elucidated. Addressing these
questions by comprehensive molecular, genetic and biochemical
approaches will greatly contribute to our understanding of the
combinatorial control of FM specification.
Note added in proof
Two recent studies (Wang et al., 2009; Yamaguchi et al., 2009)
provide evidence for the involvement of miRNA-regulated
SQUAMOSA PROMOTER BINDING PROTEIN-LIKE
transcription factors in the regulation of flowering.
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